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REMARKS 

Claims 88, 90, 91, and 94-98 are under examination in this case. These claims 
stand rejected under 35 U.S.C. § 1 12, first paragraph, and 35 U.S.C. § 102(b). Claims 88 
and 90 have been cancelled. Applicants reserve the right to pursue this subject matter in 
this or a future, related application. As applied to claim 91 and its dependent claims, the 
rejections are addressed below. 

Rejections under 35 U.S.C. § 1 12, first paragraph 

Claims 88, 89, 91, and 94-98 stand rejected under 35 U.S.C. § 1 12, first paragraph, 
as failing to comply with the written description requirement. Claims 88 and 89 have 
been cancelled. As applied to amended claim 91 and its dependent claims, this rejection 
is respectfiiUy traversed. 

As amended, claim 91 requires that a modification be located directlv adjacent to 
at least one amino acid of the seven sequence locations recited in claim 91. Applicants' 
specification provides a clear written description of this subject matter, and, with respect 
to the current claims, the Office's assertion that the claims fail to provide a "sufficient 
recitation of distinguishing identifying characteristics" cannot be maintained. Indeed, the 
sites for AAV modifications are recited with complete specificity. Neither can it be 
asserted that the "large genus is not adequately defined by a structure/function 
correlation." Applicants have identified sites in the AAV capsid sequence amenable to 
modifications using their inventive approach of studying structure and protein alignments 
of different parvovimses, such as AAV2, CPV, and B 19, and choosing appropriate 
positions for modification. Applicants have demonstrated the general success of this 
approach in the present specification. Moreover, sites identified by Applicants and 
covered by claim 91 have also been confirmed by others as positions amenable to 
modification without destroying infectivity, and, where tested, modifications that reduce 
antigenicity. 
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In particular, Applicants submit herewith a number of references, published after 

Applicants' priority date, relevant to the current claims. Of these references, Wu et al. (/. 

ViroL 74: 8635-8647, 2000; copy enclosed) demonstrates that insertions at three of 

Applicants' claimed positions are well tolerated and fiirther that every site encompassed 

by Applicants' claims that was tested by Wu was amenable to modification without 

destruction of infectivity. In particular, Wu states, at page 8645, left col., that: 

Of the positions identified as being on the surface of the capsid, we found six that 
potentially are capable of accepting foreign epitope or ligand insertions for 
retargeting the viral capsid to altemative receptors. These are. . .the loop I region 
(aa 266), the loop IV region (near aa 447 and 591). . . 

These positions correspond to modification sites, SEQ ID NO: 2 (amino acids 257-266), 
SEQ ID NO: 4 (amino acids 443-452), and SEQ ID NO: 8 (amino acids 583-592) of 
Applicants' claims. (The remaining four sites specified by Applicants were not tested by 
Wu, as indicated by Table 1). Further evidence of the workability of Applicants' 
approach and recited AAV modification sites is provided by Shi (Human Gene Ther. 12: 
1697-171 1, 2001; copy enclosed) and Bartlett (US 2002/0192823; copy enclosed), each 
of which confirms that insertions at amino acid 587 (SEQ ID NO: 8) do not destroy AAV 
infectivity, as well as Shi and Bartlett {Molecular Therapy 7:515, 2003; copy enclosed), 
which extends this finding to amino acids 584 and 588. The Shi and Bartlett reference 
states that "insertions following amino acids 139, 584, or 588 were well tolerated and did 
not affect titer appreciably." Again, insertions at amino acid 584 and 588 are 
encompassed by SEQ ID NO: 8. In addition, the Office is directed to the very recent 
pubHcation by Maheshri et al. {Nature Biotech. 24: 198, 2006; copy enclosed) and the 
review of that article by Asokan and Samulski {Nature Biotech. 24: 158, 2006; copy 
enclosed). These references describe experiments demonstrating that mutations produced 
by error-prone PGR at AAV positions 258 (SEQ ID NO: 2), 567 (proximal to SEQ ID 
NOS: 6, 7), 587 (SEQ ID NO: 8), 713 (SEQ ID NO: 9), and 716 (SEQ ID NO: 9) reduce 
AAV antigenicity, with dramatic reductions in antigenicity resulting from modifications 
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at positions 587 (SEQ ID NO: 8) and 716 (SEQ ID NO: 9) (Table 1, Figure 6A, p. 202, 
col. 2). This reference therefore confirms that of the seven locations specified in claim 
91, four are amenable to modification and result in reduced antigenicity. 

In view of the above evidence. Applicants request withdrawal of the rejections 
under 35 U.S.C. § 1 12, first paragraph. Applicants have provided scientific evidence that 
a number of different types of modifications, including insertion and PCR-based 
mutations (likely missense mutations and/or small deletions) can be made in the AAV 
capsid sequence at the sites particularly specified in claim 91 without destroying 
infectivity. In particular, of the seven recited positions. Applicants or others have 
demonstrated that modifications can successfully be made at five of those sites. 
Moreover, the submitted reference by Maheshri confirms that modifications at four of the 
seven sites reduce viral antigenicity. These results demonstrate not only that these 
particular sites are usefiil for generating infectious AAV having reduced antigenicity in a 
host but also confirming the general workability of Applicants' approach to identifying 
capsid positions amenable to modifications and useful for reducing antigenicity. This 
evidence is nowhere contradicted by reasoning or scientific publications provided by the 
Office. Applicants' current scope of protection is justified, and the rejections under 35 
U.S.C. § 1 12, first paragraph should be withdrawn. 

Rejection under 35 U.S.C. $ 102 

Claims 88, 90, 91, and 94-98 stand further rejected under 35 U.S.C. § 102(a) as 
being anticipated by Mamounas. Claims 88 and 90 have been cancelled. As applied to 
the current claims, this rejection is respectfully traversed. 

The current rejection is based on the statement by the Office that Applicants' 
previous claim 91 was unclear as to the positions of the modifications. By the present 
amendment. Applicants have introduced clarifying claim language consistent with the 
teaching of the present specification, requiring that a modification be located directiy 
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adjacent to one of a list of specifically recited amino acid locations. As the Office 
apparently agrees that these particular modification sites are nowhere disclosed by 
Mamounas, this basis for the rejection may be withdrawn. 

In addition, Applicants wish to correct the record regarding previous arguments 
made in connection with the Mamounas reference. In Applicants' Reply mailed 
December 28, 2005, Applicants stated that the Mamounas reference failed to teach a 
structural protein of AAV that was capable of particle formation. Applicants now believe 
that statement to be in error in view of Table 2 of Mamounas, disclosing NCI 187 cells 
transduced with AAV/Ad vpl hydro SCF, an AAV vector with an SCF insert, that 
apparently produces virus. Applicants note that this argument is unnecessary for 
supporting the patentability of the present claims. 



Applicants submit that the claims are now in condition for allowance, and such 
action is respectfully requested. If there are any charges or any credits, please apply them 
to Deposit Account No. 03-2095. 



Clark & Elbing LLP 
101 Federal Street 
Boston, MA 021 10 
Telephone: 617-428-0200 
Facsimile: 617-428-7045 



CONCLUSION 



Respectfully submitted, 





^aFen L. Elbing, 
4. No. 35,238 
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treating group A Streptococcus with proteolytic 
enzymes such as trypsin destroyed the M pro- 
tein antigen and thus altered the organism's 
antigenic composition. 

Taking their cue from Lancefield*s studies, 
Rodriguez-Ortega etal. treated serotype Ml 
group A Streptococcus strain SF370 with either 
trypsin or proteinase K, resulting in release of 
cell-surface protein fragments. Subsequently, 
these fragments were concentrated, analyzed 
by tandem mass spectrometry and identiSed 
using bioinformatics interrogation of the pub- 
licly available genome sequence of this strain. 
Seventy-two proteins were identified, includ- 
ing 43 proteins deduced from trypsin-cleaved 
peptides, 18 from proteinase K-released pep- 
tides and 1 1 proteins from peptides obtained 
from both proteases. Importantly, only 4 of 
the 72 proteins were predicted by PSORT to 
be cytoplasmic proteins, which means that the 
technique was highly specific for secreted and/ 
or surface-associated proteins. These results 
were confirmed by fluorescence-activated 
cell sorting analysis using mouse polyclonal 
antibodies specific for 51 of the 72 identified 
proteins. 

But the real beauty of this paper lies in the 
fact that the investigators did not rest on their 
technical accomplishments. Rather, they asked 
the logical next question: is there gold in the ore 
mined from cell-surface proteins? Based on the 
observation that 7 of the 1 1 previously reported 
group A Streptococcus protective antigens were 
identified successfully by their analysis, they 
tested the hypothesis that additional protective 
antigens were present among the 72 proteins 
identified To do this, they first needed to define 
the cell-surface proteins of serotype M23 strain 
DSM2071, an organism (unlike strain SF370) 
that is highly virulent in mice. Seventeen pro- 
teins were identified in strain DSM2071, all of 
which have a homolog in strain SF370. 

Turning next to the tried-and-true reverse 
vaccinology strategy pioneered by Chiron, 
14 of the 17 proteins were overexpressed in 
recombinant form and used to immunize mice. 
Intranasal challenge of the immunized mice 
with strain DSM2071 revealed that two of the 
proteins conferred immunity in this model: M 
protein and a putative cell-envelope proteinase 
with a typical LPXTG cell-surface anchor motif. 
M protein has bqen known for decades to be 
a protectee antigen*, whereas the protective 
ability of the putative proteinase had not been 
previously described. 

Lest we be accused of unbridled enthu- 
siasrn, let us note some limitations of the 
study. First, the analysis was conducted with 
group A Streptococcus grown in vitro in a rich 
medium and harvested at a single growth phase. 
Inasmuch as group A Streptococcus is known 



to significandy remodel its transcriptome and 
proteome under different growth conditions 
(including in vitro versus in vivo) and at dif- 
ferent growth phases^, the data presented are 
undoubtedly only a chapter rather than the 
whole book describing group A Streptococcus 
cell-surface proteins. Second, much of the work 
was done with strain SF370,an organism now 
known to be genetically divergent from the 
major Ml subclone responsible for the vast 
majority of contemporary infections^. Third, 
the authors identified only a relatively smaU 
proportion of the total number of proteins 
predicted by bioinformatics methods to be 
cell-anchored, lipoprotein, transmembrane- 
spanning and secreted. Especially noteworthy 
was the identification of only 6.5% of predicted 
transmembrane proteins. These issues should 
not be viewed as major flaws; rather, they are 
stimuli to conduct more extensive experiments 
that may produce additional discoveries. 

What should be done next? From a broad per- 
spective, dearly the strategy of Rodriguez-Ortega 
et at can and should be applied to many other 
human and veterinary bacteria! pathogens for 
which we lack efficacious vaccines. For example. 
Staphylococcus aureus continues to cause wide- 
spread human and animal disease. Undoubtedly, 
the strategy described by Rodriguez-Ortega et al 
will be adopted rapidly by many investigators. 



and new vaccine candidates will be identified. 

Several antigens have been reported to 
protect mice from experimental challenge with 
group A Streptococcus, generally in models of 
invasive infection*^. It is recognized that a suc- 
cessful group A Streptococcus vaccine must be 
able to protea humans from pharyngotonsiUitis 
caused by an extensive array of genetically diverse 
strains. Inasmuch as the cynomolgus macaque 
is the best animal model of this disease^ ' , it will 
be important to test candidate antigens for their 
ability to protect monkeys from pharyngotonsil- 
litis. Once that important milestone has been 
achieved and appropriate safety tests have been 
conducted, it will be imperative to move vaccine 
candidates rapidly to clinical testing. 
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AAV does the shuffle 

Aravincj Asokan & R Jude Samulski 

Directed evolution of adeno-associated virus (AAV) yields mutant vectors that 
can evade neutralizing antibodies. 



DNA shuffling and related recombination 
techniques can dramatically accelerate the 
evolution of genetic mutations and enhance 
phenotypic traits. Such technology has been 
exploited to evolve proteins with improved 
stability and processing yields, enzymes with 
novel catalytic features, vaccines with increased 
immunogenicity and hybrid retroviruses^*^. 
In this issue. Maheshri et al? extend error- 
prone PGR and a staggered extension process 
(analogous to DNA shuffling) into the realm 
of recombinant AAV veaors. The study not 
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Gene Therapy Center, 71 13 Thurston Building, 
University of North Carolina at Chapel Hill, 
Chapel Hilh North Carolina 27599, USA, 
e-mail: rjs@med,unc.edu 



only adds to a rapidly growing vector tool kit 
but also sheds light on structural aspects of the 
AAV capsid that may inspire strategies for the 
rational design of novel AAV vectors. 

Recombinant AAV vectors are rapidly 
becoming the reagents of choice for therapeu- 
tic gene transfer. To date, eleven different sero- 
types, dubbed AAV 1-1 1 , and over 1 00 variants 
have been isolated from human or nonhuman 
primate tissues*. After the establishment of the 
first infectious clone of AAV2 in 1982, recom- 
binant AAV2 (rAAV2) vectors rapidly gained 
popularity in gene therapy applications owing 
to their lack of pathogenicity, expanded tro- 
pism and ability to establish long-term trans- 
gene expression. Recombinant AAV2 vectors 
have been tested in precHnical studies for the 
treatment of hemophilia, alpha-1 anti-trypsin 
deficiency, cystic fibrosis, Duchenne muscular 
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dystrophy, rheumatoid arthritis and many other 
diseases. Moreover, at least 20 clinical trials have 
been conduacd with rAAV2 vectors carrying 
different transgenes in over 200 patients^. 

Yet despite the well-established safety and 
efficacy of rAAV2 vectors for in vivo gene 
transfer, several challenges remain. For exam- 
ple, several studies have focused on the issue 
of AAV*s limited packaging capacity^. Other 
studies have been concerned with modulating 
AAV-receptor interactions to facilitate targeted 
delivery of therapeutic transgenes to specific 
tissue types^. Another major obstacle that can 
attenuate the efficacy of AAV vectors in vivo is 
the prevalence of preexisting neutralizing anti- 
bodies in humans previously exposed to AAV*. 

With these challenges in mind» Maheshri et 
al generated a large (> 10^) AAV2 library with 
randomly distributed capsid mutations and 
used a high-throughput approach to select for 
AAV variants with altered receptor-binding 
ability and with the ability to evade neutral- 
izing antibodies (Fig. 1). To assess the func- 
tional diversity of their capsid library, the entire 
population of AAV2 mutants was subjected to 
heparin affinity column chromatography. Not 
surprisingly, this simple experiment, which 
exploits the well-known interaction between 
wild-type AAV2 and its primary receptor, 
heparan sulfate, yielded mutants with a range 
of affinities for heparin. 

Intriguingly, none of the amino add changes 
in the low-affinity mutants overlap with previ- 
ously generated AAy2 mutants with reduced 
affinity for heparin'-'** or correspond to analo- 
gous positions on other AAV serotype capsids. 
Such mutant AAV2 vectors with low affinity for 
heparan sulfate are likely to be useful in appli- 
cations requiring rapid dissemination of vector 
from the injection site. 

On the other end of this spectrum, the 
authors isolated a mutant with higher affinity 
for heparin than wild-type AAV2. The amino 
add changes in this high-affinity mutant capsid 
are radier sporadic, with one mutation result- 
ing in 100-fold lower virus yields, underlining 
the structural complexity of the AAV virion 
shell. Although such high-affinity niutants 
might offer structural insight into capsid- 
receptor interactions, their potential appbca- 
tions in gene delivery are as yet unclear. 

Having validated the applicability of this 
combinatorial approach for isolating novel 
AAV variants, the authors then cleverly exploit 
the same to resolve a clinically relevant prob- 
lem, namely, preexisting inunum'ty to AAV in 
the human population. The strategy involved 
repeated amplification of AAV2 mutants that 
retained infectivity in the presence of antisera 
with increasing neutralizing antibody titer. 
This approach yielded several neutralizing anti- 
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Figure 1 Generation of an AAV library by a recombination technique analogous to DNA shuffling 
followed by directed evolution. Novel AAV variants with varying receptor-binding affinities were isolated 
by subjecting the library to heparin affinity column chromatography. Neutralizing-afitibody escape 
mutants were obtained by selection and amplification of infectious clones in the presence of wild-tvoe 
AAV2 antisera. 



body-evading variants, including one remark- 
able mutant, dubbed r2.15, with the ability to 
transduce cells with moderate efficiency in 
the presence of a 1:2 antiserum dilution. More 
importantly, r2.15 vectors preincubated with 
neutralizing antisera and encapsidating the 
erythropoietin transgene afforded signiticantiy 
enhanced serum levels of erythropoietin in vivo 
compared with unmodified recombinant AAV2 
vectors. 

As the authors note, further evaluation 
of the transduction efficiency of the r2.15 
neutralizing-antibody escape mutant in the 
presence of pooled human sera and in animal 
models preimmunized with wild-type AAV2 
is warranted. These exciting residts validate 
the enormous utility of this high-throughput 
approach in generating AAV variants that can 
overcome the onslaught of physiological barri- 
ers in vivo. 

Finally, the authors carried out structural 



analysis of the different neutralizing-antibody 
escape variants. This work reveakd several 
unique mutations as yet unidentified by site- 
directed mutagenesis and two critical amino acid 
changes — one in the threefold hepariri binding 
spike region (N587I) and the other in die twofidd 
dimple region (T716A) — that appear to impart 
the neutralizing-antibody escape phenotype. 
The latter region has previously been identi- 
fied as immunogenic", and the T716A change 
is also seen in AAV type 4, which is only weakly 
neutralized by AAV2 antisera. Interestingly, tfie 
N587 site and a novel R471A mutation have 
been recently identified through site-directed 
mutagenesis as potential sites for manipulation 
to facilitate neutralizing-antibody evasion' ^ As 
crystal structures of other AAV serotypes'^ and 
their corresponding neutralizing antibodies 
become available, a comparison of immunogenic 
regions on the surface of AAV serotype capsids 
will become feasible. 
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Taken together, these findings highlight the 
tremendous potential of combining high- 
throughput, directed-evolution approaches 
with conventional rational mutagenesis to 
elucidate structure-function correlates of the 
AAV capsid Future molecular breeding among 
AAV serotypes should not only yield novel AAV 
mutants sdected for a i^cific phenotype but 
also enable the identification of *hot spots* 
within capsid subunits that can be subject to 
rational manipulation. The study by Maheshri 
et al, is thus a clear step towards the ultimate 
goal of engineering AAV vectors tailored to 
individual patient or disease profiles. 



Before clinical trials of human embryonic 
stem (hES) cells can be contemplated* it will 
be necessary to create cell lines according 
to Good Manufacturing Practice standards 
of reproducibility and safety. In this issue, 
Ludwig et al * report the derivation of two 
new hES cell lines under the most defined 
conditions to date, using feeder-indepen- 
dent culture with recombinant extracellular 
matrix components and other specific fac- 
tors. This is welcome news for those centers 
wanting to generate hES cell lines for clini- 
cal applications. The new findings also raise 
some intriguing questions about the culture 
requirements for hES cells and how they may 
adapt or undergo further selection in vitro. 

The culture of mammalian cells some- 
times seems more like a cross between gar- 
dening and cooking rather than science. The 
*green-fingered* expert in the lab will fevor a 
particular culture medium, feeder-cell type 
and serum supplements to nurture his or her 
precious cells. A standard protocol can evolve 
from a hunch and practical necessity with a 
pinch of serendipity, rather than from basic 
principles. It may defy logic yet remain effec- 
tive. Culture media can stay poorly defined 
for years or decades even when they cause 
considerable experimental error. Eventually, 
however, fiilly defined culture conditions are 
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essential to provide a robust platform for a 

field. 

Human embryonic stem cells are a clas- 
sic case. Their derivation was based initially 
on methods for mouse ES cells, but we now 
know that factors such as leukemia inhibiting 
factor and bone morphogenic proteins, which 
support mouse ES cells, fail to exert the same 
effects in hES cells. The elucidation of factors 
that support hES cell growth has remained 
unresolved partly because of the reliance of 
many researchers on ill-defined, proprietary 
medium formulations and a continuing 
requirement for inactivated feeder cells. 

Perhaps contrary to popular belief, hES 
cells are neither particularly difficult to 
derive nor particularly difficult to maintain. 
Yet consistency of culture has remained 
a real bugbear and is a serious obstacle to 
scaling up production and to high -through- 
put screening. Small differences in culture 
medium and especially in serum or serum- 
free supplements (which may be nominally 
serum- free but usually contain undefined 
animal and human products extracted from 
serum or plasma) can dramatically alter cell 
differentiation. Moreover, any suboptimal 
conditions lead to stochastic differentia- 
tion effects that make characterization and 
comparison of, say, cell surface markers or 
mRNA expression patterns particularly 
problematic. 

Although incremental improvements for 
maintaining and deriving hES cells in the 
last few years have led to serum- and feeder- 
free conditions, these reports are deceptive^ 



as so-called defined conditions still rely on 
various combinations of commercial, propri- 
etary serum-fi'ee supplements, conditioned 
medium from feeder cells or extracellular 
basement membrane matrix products (such 
as Matrigel). Hence, a key recommendation 
from the inaugural meeting last year of the 
International Stem Cell Forum^, a consortium 
of labs analyzing over 75 hES cell lines, was to 
develop a fully defined generic medium that 
could be iised throughout the field and would 
provide a rational foundation for determin- 
ing the signaling pathways that drive hES cell 
self-renewal and differentiation. 

Since animal products can contaminate 
and modify hES cells, they may pose a risk in 
any future clinical situations and should be 
avoided if at all possible. (This concern may 
be overstated as many vaccines are produced 
with animal cells, but bovine products are a 
dear risk factor.) With this in mind, Ludwig 
et al returned to first principles and, using a 
simple approach, tested some of their exist- 
ing hES cell lines with a fully defined basal 
medium formulation to which growth fac- 
tors (selected on the basis of known hES 
cell receptor expression) were systematically 
added. Having identified the best combina- 
tion of factors to maintain established hES 
cell lines on Matrigel, they then generated an 
artificial human extracellular matrix with a 
combination of collagen IV, fibronectin, 
laminin and vitronectin to support h£S cells 
through multiple passages. These condi- 
tions completely eliminated the use of ani- 
mal products such as nonhuman sialic acid, 
NeuSGc, which is a significant step forward 
in addressing some Good Manufacturing 
Practice issues. Lasdy, they used the defined 
medium and matrix to derive two new cell 
lines, which was achieved efficiently from just 
five blastocysts. 

As might be expected from previous stud- 
ies, fibroblast growth factor, bFGF, was found 
to be the most important supplementary fac- 
tor for maintaining hES cells, but LiCl, y-ami- 
nobutyric acid (GABA), pipecolic acid and 
transforming growth factor p (TGPP) were 
all beneficial. Significantly, these factors 
are different from those shown to maintain 
mouse ES cells in culture. 

So far so good, but the study has a sting in 
the tail. Both hES cell lines generated were 
karyotypically abnormal. One line was XXY, 
either because it originated from an embryo 
having Klinefelter syndrome or because it 
acquired this abnormality in early culture. 
The second cell line was initially diploid but 
converted to trisomy 12 between 4 and 7 
months in passage. 

Was this purely bad luck or could some- 



The medium is the message 

Harry Moore 

Human embryonic stem cell lines are derived under defined conditions. 
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Directed evolution of adeno-associated virus yields 
enhanced gene delivery vectors 

Narendra Maheshri^ James T Koerber^ Brian K Kaspar^ & David V Schaffer^ 

Adeno-associafed viral vectors are highly safe and efficient gene delivery vehicles. However, numerous challenges in vector 
design remain, including neutralizing antibody responses, tissue transport and infection of resistant cell types. Changes must be 
made to the viral capsid to overcome these problems; however, very often insufficient information is available for rational design 
of improvements. We therefore applied a directed evolution approach involving the generation of large mutant capsid libraries 
and selection of adeno-associated virus (AAV) 2 variants with enhanced properties. High-throughput selection processes were 
designed to isolate mutants within the library with altered affinities for heparin or the ability to evade antibody neutralization 
and deliver genes more efficiently than wild-type capsid in the presence of anti-AAV serum. This approach, which can be 
extended to additional gene delivery challenges and serotypes, directs viral evolution to generate 'designer* gene delivery 
vectors with specified, enhanced properties. 



. AAV is a 4.7-kilobase» siiigle-stranded DNA virus that contains two 
genes*. Rep encodes four proteins necessary for genome replication 
(Rep78, Rep68, Rep52 and Rep40), whereas cap expresses three 
istructural proteins (VP 1-3) that assemble to form the viral capsid. 
AAV depends upon a helper vims such as an adenovirus for active 
replication and in the absence of a helper establishes a latent state in 
v^ch its genome is maintained episomally or int^rated into the host 
genome. A number of homologous human and nonhuman primate 
AAV serotypes have been identified^'^; of these, AAV2 is the best 
characterized as a gene delivery vchidc and the only one that has been 
used in clinical trials^. 

Recombinant gene delivery vector systems (rAAV), first generated 
based on AAV serotype 2 in the 1980s', have been shown to offer 
numerous major advantages. First, rAAV vectors are safe, as wild -type 
AAV is nonpathogenic^ °. In addition, rAAV offers the capability for 
efficient gene delivery and sustained transgene expression in 
numerous tissues, includiiig muscle' ^ lung*^* liver'^''* and central 
nervous system ^^•*^. Furthermore, rAAV has enjoyed some success in 
human clinical trials^. 

Despite these successes, several problems remain. For example, 
the majority of the human population has already been exposed to 
various AAV serotypes, and as a result a significant fi-action of 
any patient population harbors neutralizing antibodies that block 
gene delivery*^"^'. Additional problems with rAAV vectors include 
limited tissue dispersion for serotypes that bind heparan sulfate 
(for example. AAV2 and AAV3)^'^^; poor infection of refractory cell 
types such as stem cens^^*^*; challenges with high-efficiency, targeted 
gene delivery to specific cell populations; and a finite transgene 
carrying capacity^^. 



Because these problems arise from the capsid proteins that 
mediate gene delivery, the capsid must be reengineered to overcome 
them. Site-directed point and insertional mutagenesis of the AAV2 
cap genes indicate that the viral capsid can tolerate some limited 
modifications and maintain its infectious properties^^*^^. Further- 
more, peptide insertion into discrete capsid locations has been 
successfully applied to generate rAAV2 vectors with some cell- 
selective gene transfer capabilities^^^*. However, the molecular basis 
of some viral properties, such as antibody neutralization^^''' and 
virus-cell interactions^*^'^^. is distributed throughout the primary 
sequence of the capsid; these properties are unlikely to be effici- 
ently modulated by serial site-directed capsid modifications even 
if the AAV structures are available^^'^. Therefore, a higher- 
throughput approach would aid the design of vectors with func- 
tional enhancements. 

Nature*s approach to functional diversification has been the evolu- 
tion of numerous AAV serotypes^'*'^ and detailed examination of 
these types will undoubtedly yield both a wealth of basic AAV virology 
information and delivery vectors with new properties. However, 
it would be advantageous to develop a complementary vector- 
engineering approach that can create novel vehicles with a desired 
set of specified properties. Directed evolution has been used to 
generate enzymes with novel catalytic features^^*^^, antibodies with 
enhanced binding affinities''^'^* and retroviruses with new proper- 
ties^^. We have buih upon this work to develop an efficient and 
high-throughput method to generate rAAV vectors with improved 
capabilities. Furthermore, we have applied this method to create 
rAAV2-based vectors that evade neutralizing antibodies in vitro and 
in vivo and that have altered receptor-binding properties. 
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RESULTS^. 
Libraty generation 

Tc^ generate: of cop mutj^ with point rautzrt 

dis^ibiited^tlrfoughout we; pferfonned,errory:prpn^^^^^ fol- 

l6i^i!ty]^^e|J pension -prcKesst?;; :<3(m^^ theSfii^mejnS^ 

yieided: a yiral plasmid hT)rary, pSub2Cap2^i >rith > 10^ independent 
dohe5 x(that is; bacterial colonies) after trahsformatipn. This plasmid 
divetsi^ is • Izi^e; 'al&ougil the resulting virkl^ library, diversity ; iidiiid 
potentially be smaller due to some nonsense or missense mutations 
yielding abnonnal VPl-3 productioa The viral plasmid was signifi-. 
cantly :diluted and packaged into AAV virions essentially as previously 
described^*. The resulting AAV library can be selected ifor any variety 
of new properties or functions, and because the genotype of these 



. fvgSvi^^i^^ ^jcreatlng ^designer' r/yw \., \ 

TiheV^riti re ca^^ to (1) mutagenesis ^rid reco 

using PCR-fbased methods: The! mutant DNA was then (2) inserted into a i 
rcAAV pacl^gihg-plasmid td created a viral plasmid library. A viral particle 
I ibrary was created by (3) AAV hel per-f ree transf ection of the yi ral plasm id 
libr^ into HEK 293 cells. This library was then (4) selected to isolate 
mutants with a desired set of properties. The resulting pools were (5) added 
to HEK 293 cells and rescued by the addition of adenovirus to select for. 
only mfectrous particles and to amplify the small nurriber of choice mutants. 
Several rounds.of selection and ampflification cart be conducted to enrich 
'the pool of choice mutants. Finally, (6) vector genome (vgDNA) from these 
mutants was.^e}^ amplified via PGR; and clpned Jnto a rAAV helper 
vpiasmid^td^pckage -ideslgri^ This enriched mutant pool 

can : also: be^subjected to additional rounds of mutagenesis and selection, 
If desired. « 



< .variants : is physically linked i6 their phehoitjfjiS the hbvel capsid 
^ sequence. can :readily be recovered by DNA. sequence ansdysis of the 
encapsidated AAV genome (Fig. 1). 

, Hepanh-bihdihg mutants .=> j 

As an' initial gauge of how the iibrary*s sequence diversity transl^^^ 

[ ihto capsid fim<^^ diversity^ We sub|ert^ Gs 
partides^ip heparin affinity chromatog^aphy.^^Vild-typ^^i 

; between;45k):and 55^ mM NaQ (Hg. 2a)^^ In stark contrast; the AAV 
mutant hbraiy dutes at a wide range of salt concentrations, from .the 
150 mKi load toT^^ fraction, demonstrating that the 

library encompasses significant functional diversity.:. To generate 
mutants with either low or high heparin aJOBnity, the 150; mM and 
600-^50 mM NaQ elutibh fractions were separately amplifiedfby low 
multiplicity of infection (MOI) of htunan embryonic kidney epithelial 
(HEK) 293 cells, Mowed by.adenovirusiserotype 5 ,(Ad5)Jnfection.to 
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Rgure 2 Heparin-binding characteristics of wild-type AAV versus the viral llbraiy. (a) The heparin affinity column chromatogram of wild-type AAV and the 
mutant library is shown, where virus gradually eluted from the column as the NaCI concentratiori was inaeased. Pools of virus trom the load fractipn and 
the 600-650 mM fractions were amplified by infection of .HEK:293.cens foNowed by^^a^^^^ (b) Ghrdmatogranis of the resulting pools from 

the mutant library are shown, and individual clones were subsequently isolated from the load and 7^ One clone exhibited reduced 

heparin affinity, and its (d) sequence data revealed numerous;inov^l ^utations. (e)' infect ion of HEK 293 cells by tMV-GFP pacltag^d in mutant or wild-type 
capsid revealed that the "mutant is significantly •iTfiorei stjscepti^^^^^^^^^^^ by soj tjble heparin, (f) Infection of wild-type CHO cells arid two variant lines^ ' 

expressing reduced heparan sulfate leveb.with rAAVrGpR p^ckaged;:w revealed that the low^affiriity heparin-binding mutant 

was" more sensitive tolbwer heparan sulfateMevels:H'.viV -.r. • ^-.^■^■•r . . ^ t;,.. v-^v. « -v^-., .j , 
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Table 1 Neutralizing antibody titer of antibody-evading noutants 



Clone 



Neutralizing antibody titer reciprocal serum dilution 



(+) 


1.520 


rl.2 


482 


rl.3 


556 


rl.4 


583 


rl.5 


743 


r2.1 


606 


r2.3 


545 


r2.4 


536 


r2.5 


625 


r2.15 


15.8 



The neutralizing antitwdy (NAB) titer for each clone was determined by fitting data in 
Rgures 4a-b to a simple exponential decay. NAB titers are reported as the recipnical 
of tKe volume fraction of serum necessaiy to reduce infectivity to 37% of the value 
measured in the absence of serum. : 



induce AAV replication and refractionation on the heparin 
column. After two such rounds of enrichment, the two resulting 
viral pools duted from the column predominantly at 150 mM or 
750 mM (Fig. 2), Notably, because each enrichment round involved 
viial infection and replication, these pools were composed of 
infectious virus. 

Individual capsid dones were isolated from the two pools, inserted 
into a rAAV helper plasmid for recombinant vector production^^ and 
sequenced (Fig, 2d and Supplementary Fig. 1 online). rAAV-green 
fluorescent protein (GFP) produced from the dones was fractionated 
on a heparin colunm tp verify their modified heparin affinity, and one 
high-titer done duted at 250 mM NaCl (Fig. 2c). significantly lower 
than the wild-type capsid. This mutant's transduaion properties were 
further analyzed by infeaion of both HEK 293 cells in the presence of 
soluble heparin, as well as wild-type Chinese hamster ovary (CHO) 
cdls and two mutant lines expressing reduced heparan sul&te levels^^. 
When heparan sulfete binding became limiting, transduction with the 
low-heparin-affinity mutant was reduced (Figs. 2e,f ). Other low-and 
high-affinity clones were obtained, but some failed to package high- 
titer recombinant virus (Supplementary Fig. 4 online). The ability to 
isolate diverse heparin- binding mutants from the AAV mutant libraiy 
after only one round of mutagenesis demonstrates the utility of this 
approach for creating veaors with novel properties. 

Creation of antibody-evading mutants after one and two rounds of 
evolution 

We next applied this approach to a significant clinical problem: vector 
inactivation by neutralizing antibodies. Rabbit anti-AAV2 neutralizing 
serum with a neutralizing antibody titer (defined as the amount of 
serum necessary to reduce infectivity to 37%, or 1/e) for wild- type 
AAV of 1:1,500 was produced (Table 1), comparable to neutralizing 
antibody titers in human serum^^'^^-^® (Supplementary Note online). 
Preimmune sera collected from two animals before rAAV inoculations, 
as well as serum depleted of IgG protein through incubation with 
protein A beads, had no neutralizing effect (data not shown), 
indicating IgG-dependent neutralization. 

To isolate antibody-evading mutants, we sdected the library against 
neutralizing serum. Wild- type, library or selected virus from the 
previous step was preincubated with varying antiserum amounts, 
added to HEK 293 cells and rescued by adenovirus (Fig. 3). The • 
serum level was escalated after each step. After three sdection steps, 
the virus pool maintained infectivity even after preincubation with a 
1:30 dilution of serum. Viral genomic DMA was extracted from the 



sdected antibody-evading mutant pool, and the cap sequence was 
PCR-amplified and inserted into both pSub2, to produce replication- 
competent AAV (rcAAV), and pXR2, to produce recombinant vectors. 
Five dones were sequenced and packaged. Four were packaged 
successfiiliy and were tested for their ability to evade neutralization. 
In the absence of serum, infectious titers for these dones were 
equwalent to normal rAAV-GFP (Supplementary Table 1 online). 
However, in the presence of serum, all ft)ur dones had neutralizing 
antibody titers that were '^threefold improved over wild -type capsid 
(Fig. 4a and Tkble 1). Moreover, a substantial ( > 1%) fraction of cells 
were still transduced at a 1:37.5 dilution of serum. Although each 
done had distinct mutations, they all shared a T716A mutation near 
the C terminus of VP3. In feet, the rl.3 done had only the T716A 
mutation, indicating that this mutation was likely responsible for 
most, if not all, of the antibody-resistant phenotype. The packaged 
rcAAV mutants also showed enhanced ability to evade neutralization 
. (data not shown). Therefore, one mutagenesis and three sdection 
steps generated mutant capsids with a threefold improved neutralizing 
antibody titer as compared to wild-type capsid and a '^7.5% infec- 
tivity at serum levels that completely neutralized wild- type infectivity. 

To further improve the antibody-evading property of the mutants, 
we subjected the previous pool to a second round of evolution, that is, 
mutagenesis followed by three selection steps. In contrast to the first 
evolution round (Fig. 3a), we were able in the second round to rapidly 
escalate the levels of serum used (Fig. 3b). After amplification of 
cap from the sdected library and insertion into pXR2, seven mutants 
isolated from a pool generated rAAV-GFP, which exhibited only 
partial neutralization at a 1:15 serum dilution. Infectious titers of 
five dones were very similar to that of wild- type capsid, vs^ereas two 
mutants had titers 100- to 1 ,000-fold lower than wild- type capsid and 
were thus not pursued (Supplementary Table 1 online). Antibody 
neutralization analysis revealed that four clones had neutralizing 
antibody titers similar to those isolated in the first round (Fig. 4b); 
However, clone r2.15 was only mildly neutralized, and when we 
repeated the neutralization assay using up to a 1:2.35 serum dilution 
(Fig. 4c), the neutralizing antibody titer of r2. 15 was 96- fold improved 
compared to wild type (Table 1). Over 10% of vims remained 
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Figure 3 Selection of antibody-escape mutants from generated viral capsid 
libraries. AAV viral partides were incubated with various amounts of anli- 
AAV2 antiserum before addition to HEK 293T cells. Viral particles that 
productively infected cells were rescued by addition of Ad5 and quantified 
by QPCR. The fraction rescued was calculated at each serum dilution (that 
is, selection stringency) by nomializing the rescued AAV titer in the presence 
of serum by the rescued AAV titer in the absence of serum, (a) The first 
selection step in the first round of evolution indicated the viral capsid library 
is more infectious even in aggregate as compared to wild type, at a 1:375 
serum dilution. The asterisk denotes that the first serum sample was primary 
antiserum, collected after only the first inoculation of rabbits with AAV. 
(b) In the second round of evolution, over 50% of the library was rescued 
at the 1:150 serum dilution as compared to the 10% in the first round, 
indicating progress over the first round. In both panels a and b, the viral 
pools rescued at the highest stringencies were amplified and subjected to 
two additional selection steps. 
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infectious at a' serum dilution of 1:7, and, 3% persisted at a 1:2.35 
serum dilution.?- ;>< , ^ / , :^ . > v 

in iTi^^arialysfS of antibpd^ eyaslonr: v v tV^ A;: 

We next coiiducrted in; Ww assajr W which -high-titer rAAV-Epo 

vector based on the r2.4 and r2.15 ihiitahtis wai p 

bated v^th antiser^ for ite abiUt^^ tb^ii^diate erythro- 

poietm^ ge^iif delivery^ after injection in the mbuse hind limb. This 

represented a rigorous assay VN^iere high concentrations of antibody 

were alfewed tp fully,, jbind and .opsonize .virus before injection. 

Notably,;with no .serais t^^^ 

than ; wild-type capsid, a ^ result that; may; be - further investigated 
(i^.: 5). iHo\^^ serum was increased^ r2;4;iyidded: increased 
hematoCTits;at l-2 :prd^ magnitude- highdrisenmi concentrations, 
arid;;jr2; 15)iati:2rf3 i <Md^^^ 6f magnitude ;hi^er seruni ijcdncenttationsi 
c6ih^>ared to^^v^ 

hefiiiatdCTits ■(datk^not^shbvvn). ' > v;};v:y.-' . ':.V'^' vif?. :. ' \. , 
Sequeiicing revealed that the mutations in ^2.4 were identical to 
r2.15, ejttept for .two addition^ jufesti^ 

(I^p6a).;;Befaw^ we 
analj^vliie jhepa^ rL5 and ri3. 

The threeblatter ; clones had; a wild^type binding phenotype; whereas 
r2.15 showed a sKght reduction in heparm 

Fig. i ^online). iTb^^e^ that the - selected iniutants couldvevade the 
neiitraliang reispiorises of moije? than ^'idne : aniihali- vector vras tested 
agaiiist the smuh of the ^second rabbit: immu3iized igainst AAV2 and 
evad^j tfwj neutralizing in^oinsiw of this serum ; to a Isimilar extent 
elementary Fig. 3 online): s / 



- Figure 4 Neutralization profiles of antibody- . 
^ evading mutants, (a) Antibody-evading mutants 
i i^iisplatedi^after one round of mutagenesis were 
used to package high-titer rAAV-GFP and 
j ncubated; with anti^AV2 rabbit.polyclonal serum 
before addition to^HEK 293 cells at an MOI of 1. 
xThe f ractjon of infectious particles remaining 
was determined by fluorescence flow cytometry 
and: normalized by the infectious titer in the 
al3®Bnc^pf serum. The neutralizing antibody titer 
was determined by fitting these points to an 
exponential curve. ,(*>)i Of the, fiyeantibody- . 
ev^mg fnutantstjsblated after, a furtfiW round 
r<^ mi^2ig^nesis,\fe:l 5' exhibited a significant 
^fiMfe in antiserum evasion* imr 

t)as Indl^te thestandard.devi^ 
samplesf: and ireftd alines are shown forTclaHty;^ 
, :(c> Fttither characterization of the 72. 1 5 riiuta^ 
neutrafiiation profHe was cwiducted using 
larger amounts of serum to determine a 
96-fold improved anrtisefum evasion (that Is, ' 
neutralizing antibody);i(d) Representative-' 
panels of HEK 293: cells showed reduced GFP- ^ 
expression when infected with wild-type rAAV 
GFP in the presence of serum, (e) In contrast, 
delivery of :r2.15 mutant AAV GFP yielded 
no reduction in GFP expression at the same 
serum levels. 



immunity against human serotypes, targeted and efficient delivery, 
liimted , packaging capadty^^ and infection of npnpermissive cell 
types^?'?lvThese problems are .not surprising, since the parent AAVs 
are productSi?ofinaturalKevolutionary pressures that select ^for survival 
rather than sfbr performance in human gene; therapp To overcome 
these and other problems, the viral capsid must be modified We have 
accordingly developed a high-throughput approach to engineer AAV 
variants with improved properties. Specifically, large (>10^) 
AAV2 libraries with randomly distributed capsid mutations were 
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Figure 5 rAA\AEpo was produced with wrld-type^ f2;4 and r2i 15 capsids^ 
Vector was preincubated with varying levels of potent rabbit antiserum 
(1:6,000 neutralizing antlbody)rwhich allowed antl-AAV2 antibodies to 
opsonize vector particles before vector injection into the :hind-limb muscle 
of adult mice; Two weeks after injection, hematocrit levels were measured 
and revealed that gene delivery mediated by the two antibody-evading 
mutants persists at serum levels that completely neutralize wild-type^ " 
rAAV-Epo (P < 0.005)/ Error bars indicate the standard deviation of n = 4 
samples, and the dotted Iine^represent5;the basal hematocrit^value. Results^ 
3 weeks after injection were quantitatively similar (data not shown). / 
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Figure 6 Mutation profile of neutralizing antibody-evading mutants, 
(a) Sequence data indicate that all nine mutants that had neutralizing titers 
threefold better than wild type contain the T716A mutation. The r2.1 5 
mutant, which had a neutralizing titer 96-fold better than wild type, has two 
mutations absent from any other mutant T567S is a conservative mutation 
that lies in a minor epitope associated with the A20 monoclonal antibody^^, 
whereas N587I lies in the heparin-binding domain^, whose disruption 
has been shown to confer limited escape from neutralization by serum 
from certain human patients**; Therefore, the N587I mutation may be 
responsible for improvement from the first to the second round, (b) A 
molecular model of the full AAV2 capsid. based on the solved structure^*, 
is shown using Raswin. (c) Surface mutations found in the r2.15 mutant 
are labeled on a VP2 hexamer. with the phenotypically key N587f and 
T716A mutations shown in red and the other niutatlons in blue (see text 
for details). Mutated residues have beer) slightly exaggerated for clarity, 
(d) Several previously identified antigenic regions^^-'' as well as the 
heparin-binding site (HBS)^ are labeled using various colors on a side 
view of the VP2 hexamer. 



generated and seleaed for altered receptor binding and evasion of 
antibody neutralization. 

Affinity chromatography selection yielded mutants with altered 
heparin affinity. Lower-affinity mutants may be desirable as gene 
delivery vectors when wide dissemination through a tissue or region is 
needed. AAV variants with reduced affinity for heparin have pre- 
viously been generated^^'^^, but none of our mutations overlap with 
any previously identified, and none of the resulting amino acid 
changes correspond to the sequences of orthologous positions in 
other AAV serotypes (Fig. 2d and Supplementary Fig. 4 online). 
Two mutations that occurred on surface-accessible regions of VP3— 
N382D on the inner shoulder of the threefold spike and N596D on the 
outer shoulder of the threefold spike — ^resulted in a gain of negative 
charge. The low-heparin-afiinity mutant's efficiency was reduced 
when heparin binding became limiting (Figs. 2e,f). A high-affinity 
mutant yielded low-titer vector but could enable insights into recep- 
tor-binding mechanisms. 

The heparin-sclertion results confirm two key attributes of the 
method First, the heparin chromatograms (Fig. 2a) demonstrate that 
the viral library contains considerable functional diversity. Second, the 
library was packaged by substantial dilution of mutant viral genome 
DNA, but a fraction of cells could ha[ve received multiple plasmids and 
therefore generated undesired chimeric mutant particles. A previous 
study that generated AAV peptide-dispiay libraries used an additional 



packaging step to avoid chimeric capsids^**. However, our ability to 
enrich low-and high-heparin-binding pools (Figs. 2b,c) as well as to 
isolate clonal variants from these pools indicates that the method does 
effertively link cap genotype with capsid phenotype and that the 
concewable presence of chimeras does not substantially affect the 
evolution process. 

We next applied the direaed evolution approach to an important 
clinical problem: antibody neutralization. Several epidemiological 
studies have found that from 35-96% of the human population is 
seropositive for AAVl-5, and 18-67% harbors antibodies capable of 
signfficandy neutralizing rAAVl-5 gene delivery"*""^. Therefore, 
preexisting immunity fix)m 'accidental vaccination' by the parent 
virus could render AAV2 gene therapy ineffective in as much as 
two-thirds of the population. Mapping of dominant neutralizing 
epitopes has revealed the presence of both linear and complex 
conformation epitopes****', rendering the rational design of variants 
that can escape antibody neutralization difficult. One study found that 
variants with peptides inserted at the heparin-binding site, originally 
generated for targeted gene delivery^^, reduced sensitivity to neutraliz- 
ing antibodies^. However, success varied with the particular serum 
sample used, and infectious titer was reduced 10- to l,0{X)-fold, 
depending on the inserted peptide. Thus, disrupting one epitope 
can reduce antibody neutralization, but several mutations may be 
necessary to create a general neutralization-firee veaor. In addition, 
our more modest point mutations could achieve antibody-evasion 
without significantly altering vector tropism for situations in which 
maintaining heparin binding is desired. 

Selecting the AAV2 library for efficient gene delivery in the presence 
of neutralizing antiserum yielded numerous successful variants, 
including one with a 96-fold improvement and the ability to mediate 
moderate gene delivery even at a 1:2 serum dilution. This reduced 
neutralization is similar to the neutralization of other AAV serotypes 
by anti-AAV2 serum**^^. We further demonstrated that two mutants, 
r2.4 and r2 15, evaded antibody neutralization in vivo at serum levels 
several orders of magnitude greater than those required to neutralize 
delivery with the wild-type capsid. Surprisingly, both mutants also 
mediated enhanced gene delivery compared with wild type in the 
absence of serum (Fig. 5). Analysis of mutations present in 12 
different clones suggests two key mutations in VP3, N587I and 
T7i6A, are largely responsible for the antibody-evasion phenotype. 
The N587I mutation lies on the surface of the threefold spike within 
the heparin-binding site^^ (Figs. 6c,d) but maintains high infectivity 
and only slightly reduces heparin affinity (Supplementary Fig. 2 
online). Interestingly, antibody-escape mutants in a number of picor- 
naviruses also occur in receptor- binding sites with no change in 
receptor binding^. The T716A mutation found in all antibody- 
evading mutants lies on the surface of the twofold dimple region 
(Figs. 6c,d), previously identified as an immunogenic region'®. Inter- 
estingly, AAV4 (only weakly neutralized by anti-AAV2 serum*^) also 
has an alanine at position 716, raising the possibility that directed 
evolution could mirror some changes generated by natural evolution. 

Our directed evolution approach can readily be extended to 
additional AAV gene delivery challenges. Future efforts may evolve 
AAV variants to escape neutralization by pooled human sera repre- 
sentative of a potential patient population. Furthermore, the mutant 
library may contain variants capable of more efficient delivery to 
problematic cells, such as stem cells resistant to all AAV serotypes 
attempted^^'^*, provided that the problems reside in the capsid 
structure. In addition, variants could be sdected to overcome specific 
blocks in the intracellular AAV gene delivery pathwa/*^. Moreover, 
because the gene transfer characteristics of alternate AAV serotypes 
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vary : in properties such as their cell surface r^ceptors^-^*, tissue 
tropisiri^ and overall ddivery effidehc)^/ th^y off^^^^^ starting 
material for additional evolution. 

In summary, we present a high -throughput approach to evolve AAV 
viral variants with advantageous gene deUyeiy^^propei^ 
applied this approach to generate AAV2 mutEuits^with 4tered reoeptor 
binding and neutralizing antibody-evasion properties. This me^od 
allows one to'stipulate the criteria a d^Mighcr veb^ 
than attempting to identify a natural variant that likely meets only 
sonie of those needs. Furthermore, no initial mechanistic JaioMedge of 
the capsid prbpehies is needed, and andysis of ti^^ 
our understanding of the capsid's structure-function relationships. For 
example, as nioie useful variants are isolated, pbolirig their sequence 
information with natural AAV serotypes ishould lead to die identifica- 
tion of adaptable regions in the capsid that can be tailored without 
compromising transduction. ITiis approach therefore has potential to 
: enhance knowledge of both AAV basic virology and vector engineering. 

METHODS- ;;;.: ., 

Libraiy'genetatibn and vector packaging. An AAV2 iijp^ genetic library 
was generated by error-prone PGR foUowed by the staggered daeiisiori^p^ 
as dtscinbed^, using 5'-6<jGG>^G<^ aiid 5'-GG 

GGGGGCX:GCAArrAGAGAnACGAGT^ ] as : forward 

and reverse - piimeis, respectively. : To Idpnstruct pSiib2, a >r.8 kilobase linear 
fragment was g«erated by PGR 5'-GGGGAAQ^^ 
3' and S'-GAT GCOjGGAI^^ with^ pSub201 

(ref 9) as template Both this fragment and pSub2pi were digested widi 
Hmdni and Cla I» and the products were ligated to create the 5.7-kb rcAAV 
packagir^ plasmid, pSub2> into which the resulting capi product could be 
inserted after HmdHUNptl digestioii. AAV was produced and purified by CsGl 
centrifiigation ess^mtiaUy as prewbusl^ a. '>'75% con- 

fluent 15-cni dish of HEK 293 <ArCC) cells, 25 Jig of pHeiper (Stiategehe) or 
pXX6. 25 \i$ of pBluescript (iStratagehe), and 7 or 70 ng of the pSiib2Cap2* 
plasmid library were transacted by the (Calcium phospliate imethod.' Tins : 112 x 
l(r* molar ratio was calculated such that > 90%,of cdls received approxirnately 
one member of the pSub2Gap2'^ plasmid -library, asiimiing each cell receives 
^50,000 total plasmids^'. Viral libraries were harvested as 'desortbed^^, and 
virus was purified using CsGl density centnfiigaidon. In the cal 
antibody evasion, the above procedure was repeated using viral genomic DNA 
from a selected pool of mutant rcAAVas the template for eiror-prbne PGR. 

For all experiments, the AAV genomic titer was determined by extracdng 
vector DNA as previously described'f foUowed by quantificiktiori using real time 
PGR oh a Bio-Rad iGyeler using SYBR Green dye <Moiecular Probes)* 

Heparin ibcdtiniun dun^ Approxiniatefy lO'f AAV library particles 

wjcre loaded onto a • i -ml = :Hfrrap. hqiarin f bhimn (^nersham). piewpusly 
equilibrated with 0.15 M NaGl and 50 mM Tris at pH 7.5. Washes were 
perfonned usihg 075 ml volumes of Tris buffer >Wth inciea^jzig increments of 
50 mM NaGI up to 750 mM, followed by a I M wash^ As a control, rAAV-GFP 
was also subjected to this chromatography. Mutant virus fix)m both a comHned 
pool of the load and 150-mM fraction (low heparin afl&nity) and the 650-mM 
fraction (high heparin affinity) were added to 1 0^ HEK 293T cells at a genomic 
MOl of 1-10. Gells were superinfected with adenovirus serotype 5 (Ad5) 2 d 
after infection, and vinjs was harvested 3 d later. Both crude lysates and viral 
particles precipitated by ammonium sulfate were characterized by heparin 
column chromatography as above. To isolate individual viral clones from 
library firactions that eluted at different salt concentrations, viral DNA was 
extracted from the fractions, amplified by PCR, aiid inserted into pSub2G^p2. 
These single done rcAAV mutants were tiieh packaged as previously described, 
subjected to heparin column chromatography to verify their phenotype, and 
dien sequenced at the UC Berkeley DNA Sequencing Facility. 

In vitro transduction assays. Either wild-type or mutant cAAV-GFP particles 
were added to HEK 293T, HeLa, GHO Kl, GHO pgsA and GHO pgsD cell lines 
at a genomic MOI of 3,000. After 48 h, the fraction of green'cdis vvas quantified 



by flow /cytometry at the UG Berkeley Gancer Center (Beckman-Goulter 
EPIGS). H6papi'= inhi1>ition to except 
that \dral panicleb were pireihcubated with varyiiig amounts of heparin (0^30 
|ig/rnl) m75;iJ^^o^ (pH 7.4) for 1 h at 37 X before addition to HEK 293T: 
cells. The medium was changed 1 h later. After 48 h, the fraction of green cells 
was quantified by flow cytometry. 

Antiserum generation arid library antibody neutralizatibh so'een. Polyclonal 
sera containing ^neiitra^^ were geiierated in two 

New Zealand \\iiite^rabbits in acicord^^^ the UC Berkeley Animal Care 
and Use Committee and National Institutes of Hedth ;(Nffl standards for 
laboratoiy animal care. Briefly, 5 x 10^** GsCl-purified rAAV2 particles carrying 
p-galactosidase cDNA were mised with 0.5 ml TiterMaic adjuyaht (CyUixj and 
injected into the anterior hind-limb musde. Two boosts, were perforxned at 
3-wedc intervals using the same AAV dosage followed by antiserum collection. 
Adjirirant was not used in the last boost - 

One round of. eyolution consisted of cap mutagenois followed by three 
selection steps against neutralizing smun. Both wild-type and a mutant rcAAV 
library were incubated with varying amounts of serum (0-7.5 |d) in J5 p\ of 
PBS {pH 7;4) for 30 ito at 25 *^;fol^^ additi6n<^6'2;5 x ilO^ HEK 2^ 
cells ill a 6-weD format. After 48 h, AAV was rescued fi^m irifected cells by 
addition of AdS, and cells were harvested 24 h laten The rescued rcAAV was 
subjerted to two additional infection-and-i«scue steps in the presence* of 
increasing kmounts of seruiri. p ■ / ; ; ! ' " - ; / 

Clonal antibody iieutindiiatibn screen. Individual viral dprib froni the 1^ 
fraction that successfully infected cells even in the pres^ce of neiitraliiihg 
antibody were inserted into the pXR2 rAAV packagirig plasmid^* and rAAV- 
GFP was produced as above. To -assess the extent of neutralisation of these 
antibody-^admg rAAV yar^iits, A amounts of 

rabbit sera as aboye, fi>Ilowed by additioiito 2.5 x lif HEK 293 ceQs in 12 .weU 
format. at an MOI of Iw At 48 h after infection) .the. fraction of green^ cells was 
quimtified by flow cytometry. lodixanol gradienif piiriified' were 
subjected to heparin column duproA^^ as . above. 

In vnvTn^ Jomi^^ wil<fttyp^ l^m ZtlS cap Ware 

used to package pAAV-CB-na^b, a vector e3q)r(^ing marine erythrbpoiet^^ 
under the control of the chicken p^actinicnhancer/cytonicgalovirus promoter 
(a kind gift of J, WiUoh; University of Pennsylvania). High^titer rAAV-EpO was 
prbduced and purified as d^CTibed^', 2.0 x 10?^ rAAV-Epb partides Were 
incubated with y^ying amounts of high-titer rabbit sera (Supplementary 
Fig. 3 online) for 30 min. then injected into the hind-limb muscle of 
8-week^6ld female BALB/c mice (Jackson Laboratories, n = 4). Beginriing 
1 4 d after infection, animals were retfoprbitalny bled and hematocrits deter- 
mined every 7 d. Animal; studies were appibyed by the UC . Berkley A 

and Use Committee and conducted in accordance with NIH guidelines on 
laboratory aniiiial care. 

Note: SupplitnentaTy informi^tim on^ the NamreBht^ w***^^ 
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Adeno-associated virus type 2 (AAV2) has proven to be a valuable vector for gene therapy. CharactcrlT^tlDC 
of the fucctional domains of the AAV capsid proteins can taciiitate our understanding of '.iral tissue ti cpism, 
immunoreactivity, viral entry, and DNA packaging, all of which are important issues for generating improved 
vectors. To obtain a comprehensive genetic map of the AAV capsid gene, we have constructed 93 mutants at 59 
different positions in the AAV capsid gene by site-directed mutagenesis. Several types of mutants were studied, 
including epitope tag or ligand insertion mutants, alanine scanning mutants, and epitope substitution mu- 
tants. Analysis of these mutants revealed eight separate phenotypes. Infectious titers of the mutants revealed 
four classes. Class 1 mutants were viable, class 2 mutants were partially defective, class 3 mutants were 
temperature sensitive, and class 4 mutants were noninfectious. Further analysis revealed some of the defects 
in the class 2, 3, and 4 mutants. Among the class 4 mutants, a subset completely abolished capsid formation. 
These mutants were located predominantly, but not exclusively, in what are likely to be p-barrel structures in 
the capsid protein VP3. Two of these mutants were insertions at the N and C termini of VP3, suggesting that 
both ends of Vl*3 play a role that is important for capsid assembly or stability. Several class 2 and 3 mutants 
produced capsids that were unstable during purification of viral particles. One mutant, R432A, made only 
empty capsids, presumably due to a defect in packaging viral DNA Additionally, five mutants were defective 
in heparan binding, a step that is believed to be essential for viral entry. These were distributed into two amino 
acid clusters in what is likely to be a cell surface loop in the capsid protein VP3. The first cluster spanned 
amino acids 509 to 522; the second was between amino acids 561 and 591. In addition to the heparan binding 
clusters, hemagglutinin epitope tag insertions identified several other regions that were on the surface of the 
capsid. These included insertions at amino acids 1, 34, 138, 266, 447, 591, and 664. Positions 1 and 138 were 
the N termini of VPl and VP2, respectively, position 34 was exclusively in VPl; the remaming surface positions 
were located in putative loop regions of VP3. The remaining mutants, most of them partially defective, were 
presumably defective in steps of viral entry that were not tested in the preliminary screening, including 
intracellular trafficking, viral uncoating, or coreceptor binding. Finally, in vitro experiments showed that 
insertion of the serpin receptor ligand in the N-terminal regions of VPl or VP2 can change the tropism of AAV. 
Our results provide information on AAV capsid functional domains and are useful for future design of AAV 
vectors for targeting of specific tissues. 



Adeno-assodated vims type 2 (AAV2) belongs to the human 
parvovirus family, which requires a helper virus for productive 
replication (5, 7, 8). The nonenveloped capsid adopts an icosahe- 
dral structure with a diameter of approximately 20 nm. Packaged 
within the capsid is a single-stranded DNA genome of 4.7 kb that 
contains two large open reading frames (ORFs), rep and cap (35). 
Three structural proteins, designated VPl, VP2, and VPS, are 
encoded in the cap ORF and made from the p40 promoter by use 
of alternative splidng and alternative start codons. The three 
proteins share the same ORF and end at the same stop codon. 
The C-lerminal regions common to all three capsid proteins fold 
into a p-barrel structure that is present in several viruses (31). 
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Their molecular masses are 87, 73, and 62 kDa, and their relative 
abundances within the capsid are approxhnately 5, 5, and 90%, 
respectively (26). Recently, AAV has attracted a . significant 
amount of interest as a vector for gene therapy (6, 26). It has a 
number of unique advantages that are potentially usefiil for gene 
therapy applications, including the ability to infect nondividing 
cells, a lack of pathogenicity, and the ability to establish long-term 
gene expression. 

Early genetic studies on deletion mutants of AAV revealed 
that capsid proteins were required for accumulation of single- 
stranded DNA and production of infectious particles (19, 38). 
Mutations in the C-terminal region common to all three pro- 
teins also abolished virion formation and failed to accumulate 
single-stranded DNA (32). VPl was thought to be important 
for virus infectivity or stability because mutations in the N- 
temiinal region unique to VPl produced DNA-containing par- 
ticles with significantly reduced infectivity (19, 38). In vitro 
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assembly studies (33) and capsid initiation codon mutagenesis 
studies (25) suggested that both VP2 and VP3 were required 
fbr capsid formatibn ind production of infectious particles, 
and either VPl or VP2 was required for nuclear localization of 
VP3. Recently, Hoque et al. (19b) have shown that the VP2 
N-terminal residues 79 to 34 are sufficient for nuclear translo- 
cation and suggested that the major function of VP2 is to 
translocate VP3 into th^ nucleus. A recent insertional muta- 
tion study on AAV capsid protein revealed that mutations in 
the capsid gene could affect AAV capsid assembly and infec- 
tion (30). Since the crystal structure of AAV was still unavaU- 
able, the functional domains of the AAV capsid proteins were 
mostly predicted based on information derived from other 
related autonomous parvoviruses, canine parvovirus (CPV), 
feline panleukopenia virus, and B19, whose ciystal structures 
were available (1, 2, 40, 41). Sequence comparison of AAV to 
these viruses revealed a few conserved functional domains (9, 
10), but the exact functions of these domains were not clear. 

While certain groups of cells cannot be transduced by AAV 
(22, 27), AAV can transfduce a wide variety of tissues, including 
. brain, muscle, liver, lung, vascular endothelial, and hematopoi- 
etic cells (12-14, 16, 21, 45, 48). Recently, Summerford and 
Samulski (37) reported that heparan sulfate proteoglycan is 
the primary cellular receptor for AAV, and their group further 
revealed that the binding site lies within VP3 (30). In addition, 
human fibroblast growth factor receptor 1 and OvPs integrin 
were identified as coreceptors for AAV (28, 36). Attempts to 
alter the AAV capsid also have been made in order to expand 
the tropism of AAV. Yang et al. (47) showed improved infec- 
tivity of hematopoietic progenitor cells by generating a chi- 
meric recombinant AAV (rAAV) having the single-chain an- 
tibody against human CD34 protein. Girod et al. (15) showed 
that insertion of the L14 epitope into the capsid coding region 
can expand the tropism of this virus to cells nonpennisshfe for 
AAV infection that bear the L14 receptor. However, in both 
cases the normal AAV tropism was not disrupted. Ideally, for 
the purpose of retargeting, the normal AAV receptor binding 
would need to be modified so that rAAV infects only targets 
bearing the receptors for the engineered epitope. 

In this study, we used site-directed mutagenesis to mutate 
the capsid ORF. Initially, 48 alanine scanning mutations were 
made in which two to five charged amino acids in the AAV 
capsid ORE were mutated to alanine residues by site-directed 
mutagenesis. We reasoned that since the mutations were an 
average of 15 to 20 amino acids (aa) apart and spanned the 
whole capsid gene, some of them would inevitably fall in or 
near the functional domains of AAV capsid. In addition, over 
40 substitution and insertion mutations were made in a search 
for regions that could tolerate insertions for the purpose of 
retargeting AAV vectors. By analyzing these mutants, we ob- 
tained a preliminary functional map of the AAV capsid pro- 
tein. Our results identified critical regions within the capsid 
that were potentially responsible for receptor binding, DNA 
packaging, capsid formation, and infectivity. In addition, we 
identified sites that were suitable for epitope insertions that 
might be useful for targeted gene delWeiy. 

MATERIALS AND METHODS 

Cell culture. Low-passagc-number (passages 27 to 38) HFK 293 cells (17) and 
HeLa cells were grown in Dulbecco's modified Eagle's medium supplemented 
with 10% fetal calf scrum, penicillin (100 U/ml)» and streptomycin (100 U/ml) at 
3TC and 5% COi- IB3 cells were propagated as described elsewhere (34). 

ConstrucUon of AAV capsid mutant plosmids. Plasmid pIM45 (previously 
called plM29-45 (231) was used as the template for all mutant constructions. 
Mutagenesis was achieved by using the Stratagene site-directed mutagenesis kit 
according to the supplier's manual. For each mutant, wc designed two PCR 
primers which contained the sequence of alanine substitution or insertion plus a 



unique endonuclcase restriction site flanked by 15 to 20 homologous bp on each 
side of the substitution or insertion. The restriction site was designed to facilitate 
subsequent DNA sequencing of the mutants and^for potential i^rtion pf tags or . 
foreign epitopes. The PCR products were digested widi endonudease Dpnl to 
eliminate the parental plasmid template and were propagated In Esdierichia coU 
Xl^Blue (Stratagene). Miniprep DNAs were extracted from ampicillin-resistant 
colonies aiid were screened by restriction endonudease digestion. Positive clones 
were sequenced in the capsid ORF region. The capsid ORF was then subdoned 
back into the pIM45 backbone with Smal and Sphl to eliminate background 
mutations. The same mutagenesis strategy was used for peptide substitution and 
insertion mutant constructions. 

Production of rAAV particles. To produce rAAV with mutant capsid proteins, 
we transfected 293 cells with three plasmids: (i) pIM4S, which supplied either 
wild-type (wt) or mutant capsid proteins (23); (ii) pXX6, whidi contained the . 
adenovirus (Ad) helper genes (46); and (iii) pTRUFS, which contains the green 
fluorescent protein {gfp) gene driven by the cytomegalovirus (CMV) promoter 
and flanked by the AAV terminal repeals (22). In some experiments, pTRUFS 
was substituted with CBA-AT, a recombinant AAV plasmid that contains the 
human a 1 -antitrypsin (hAAT) gene under the control of the CMV-p-actin 
promoter. The plasmids were mixed at a 1:1:1 molar ratio. Plasmid DNAs used 
for transfection were purified by the QIAGEN Maxi-prep kit according to the 
suppliers manual. 

The transfections were carried out as follows. 293 cells were split 1:2 the day 
before the irpnsfection so that they could reach 75% confluency the next day. 
Ten 15-cip-diamcicr plates were transfected at 3T*C, using calcium phosphate as , 
described elsewhere (51), and incuUt^d *i STs^ Forty-eight hours after >i5ns- 
fsciion, cciU were harvested by centrifugaiioh at 1,140 x g for 10 min, the pellets 
were resuspcnded in 10 ml of lysis buffer (0.15 M Nad, 50 mM Tris-HQ [pH 
8.51), viruses were released by freezing and thawing three times. The erode 
rAAV lysates were treated with Benzonase (pure grade; Nycomed Pharma A/S) 
at a final concentration of 50 U/ml at 37*C for 30 min. The crude lysates were 
clarified by centrifugation at 3,700 x g for 20 min. and the supernatant was 
subjected to further purification by iodbcanol step gradient and heparan sulfate 
affinity purification as previously described (51). 

To determine whether any of the mutants Were temperature sensitive, the 
transfections were done in six-well dishes as duplicates at 39.5 and 32*C Viruses 
were resuspended in 250 |U of lysis buffer. All crude rAAV preparations were 
stored at -80*C until their titers were determined. 

Gel dectropboresis, immunoblotting, and immnDOpreclpitation. Crude or 
purified rAAV samples were analyzed on sodium dpdecyl sulfate (SDS)-10% 
polyacrylamide gels. The samples were mixed with sample buffer and boiled at 
lOO^C for 5 min before loading. For immunoblotting, the proteins were trans- 
ferred to a Nitro-bond membrane at 4*C, and the membrane was probed with 
monodonal antibody (MAb) Bl, directed against the capsid protdns (43). The 
capsid bands were visualized by peroxidase-ooupled secondary antibodies using 
ECL (enhanced chemiluminescence detection) (Amersham) as suggested by the 
supplier. 

For immunoprecipitation, heparan column-purified rAAV samples were di- 
luted in 10 volumes of NFTN buffer (0.1 M NaQ. 1 mM EDTA, 20 mM Tris-HQ 
[pH IS], 0.5% Nonidet P-40) and incubated overnight at 4"C in the presence of 
a MAb to the hemagglutinin (HA) epitope conjugated to Sepharose beads . 
(BAbCo). For a negaihre control. MAb AUl-conjugated beads (BAbCo) were 
used. AUl is a commonly used epitope, DTYRYI. After incubation, the samples 
were centrifuged for 5 min at 17,600 x g at 4*C. The beads were washed three 
limes with 1 ml of NETN for 10 min at room temperature and resuspended in 
protein loading buffer. After centrifugation, the supernatant was precipitated 
with 15% trichloroacetic acid on ice for 1 h and centrifuged for 45 min at 4'C, 
and the pellet was resuspended in loading buffer. The samples then were boiled 
in sample buffer and analyzed by Western blottmg with. MAb Bl as described 
above. 

Virus titers. The infectious tilers of rAAV-containing wt and mutant capsids 
were measured at two temperatures, 393 and 32*C, for the alanine scanning 
mutants and at 37*C for all other mutants by using the fluorescent cell assay, 
which detects expression of the gfp gene. This was done essentially as described 
previously by Zolotukhin et al. (51). Briefly, 293 cells were seeded in a 96-well 
dish the day before infection so that they would reach about 75% confluence the 
next day. Serial dilutions of wt and mutant rAAV-GFP crude preparations were 
added to the cells in the presence of Ad5 at a multipiidty of infection (MOI) of 
10. The cells and viruses were incubated at 37^ (or 32* and 39.5*C) for 48 h, and 
the titers were determined by counting the number of green cells with the 
fluorescence microscope. For each mutant, the infections were done twice and 
the average was taken. For mutants that contained a packaged CBA-AT gene, 
infectivity was measured by the infectious center assay on 293 cells as previously 
described (51) and by enzyme-linked immunosorbent assay (EUSA) measure- 
ment of hAAT secreted into culture media from infected cells as described 
elsewhere (34). 

To determine the rAAV physical particle titer, we used the A20 ELISA kit 
(American Research Bioproducts). The erode rAAV stocks were serially diluted 
and incubated with the A20 kit plate. The readings that fell into the linear range 
were taken, and the titers were read off the standard according to the manufac- 
turer's instructions. The A20 antibody delects both full and empty particles (44). 

To determine the titer of rAAV physical particles that were full (i.e.. contained 
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FIG. 1. Distribution of alanine scanning and HA epitope insertion mutants. Positions of the alanine scanning mutants (colored circles or squares) and the HA 
insertion mutants (flagged circles or squares) arc shown on a diagram of the putative secondary structure of the AAV capsid protein adapted from a comparison of 
parvovirus capsid sequences by Chapman and Rossroann (9). Some Important amino acid positions and mutant positions are illustrated by numbers with short lines. 
Heavy arrows represent putative p sheets, and helices represent putatwc a helices. The five putatwc loop regions arc numbered I to V. The colors of the circles indicate 
the phcnotypes of the mutants as shown -below: 



Qass 



Mutant(s) 



Color 


Primaiy phenotype 


Defect 


Red 


Wild type 




Blue 


Partially defectwe 




Light blue 

Purple 

Green 

Purple 

Brown 

Black 

White 

Purple 


Partially defective 
Partial^ defective 
Temperature sensitive 
Temperature sensitive 
Noninfectious 
Noninfectious 
Noninfectious 
Noninfectious 


Unstable capsid 
Heparan binding negative 

Heparan binding negative 

No capsid made 

Empty capsid 

Heparan binding negative 



1 mu/l, mutX m»^3, mu/9, mu/U. mu/13, mu/14, mu/16, m«/17, fflu/29, mu/32, 

muz38, mu/43, mu/44, rrtidAS 
2a muiA, mutS, mutS, mutl, mii/8, mu/lO, mu/12, m«/l5. ntutlH^ ntui30, mudA, 

mut36, mtt/48; LI, L3. L7. VPNl, VPl. VPN2 
2b mtir21, mu/39 
2c mu/41, L6 
3a mu/26, mudl^ mutlB, mu/33 
3b mu/35 
4a mu/22, mu/37; 1-5, 12 

4b /nu/19, muC20, mu/23, otii/24, mur2S, muf42, mul46, mu/47; VPN3, VPC 
4c mu/31 
4d mu/40, L4 



DNA), we used the quantitative competitive PCR (QC-PCR) assay as described 
previously (51). The crude rAAV stocks (100 p.!) were digested first with DNasc 
I to eliminate contaminating unpackagcd DNA in 50 mM Tris-HQ (pH 7.5)-10 
mM MgCl2 for 1 h at 37*C and then incubated with proteinase K (Bochringcr) 
in 10 mM Tris HQ (pH 8.0)-10 mM EDTA-1% SDS for 1 h at STC, Viral DNA 
was extracted twice in phenol-chloroform and once with chloroform and then 
precipitated by ethanol in the presence of glycogen (10%). The DNA was washed 
with ethanol, dried, and dissolved in 100 p-l of HjO, and 1 |aJ of the viral DNA 
was used for QC-PCR. Serial dilutions of the internal standard plasmid DNA 
with a deletion of GFP were included in the reaction, and the PCR products were 
separated by 2% agarose gel electrophoresis. The densities of the target and 
competitor bands in each lane were measured using ZERO-Dscan image analysis 
system software (version 1.0; Scanalytics) to determine the DNA concentration 
of the virus stock. 

Heparan column binding assay. The ability of mutants to bind to heparan 
sulfate was tested essentially as previously described (51). Crude rAAV prcpa> 
rations containing wt or mutant capsids were first subjected to iodixanol gradient 
purification. The 40% layer was then collected and loaded onto a 1-mI preequili- 
bratcd heparan column at room temperature (immobilized on cross-linked 4% 
beaded agarose; Sigma H-6508). The flowthrough fraction, wash (3 column 
volumes), and I M NaQ eluate were collected, and equivalent amounts of each 
sample were mixed with SDS sample buffer and elccirophorescd on SDS-poly- 
acrylamidc gels. The yield of capsid proteins in each fraction was monitored with 
MAb Bl by Western blotting and ECL detection. 

EM. Electron microscopy (EM) was done in the ICBR EM lab of the Uni- 
versity of Florida. Iodixanol gradient and heparan column-purified wt or mutant 
GFP-rAAVs were desalted and concentrated by using a Centricon 10 filter 



(Amicon). About a 5-m.I drop of the virus sample was spotted onto carbon-coated 
grids and left for 1 min at room temperature. Excess fluid was drawn off, and the 
sample was washed three times with phosphate-buffered saline; 5 pJ of 1% uranyl 
acetate was added for 10 s, and the grid was dried at room temperature for 10 
min before viewing under EM. 

RESULTS 

Generation of AAV capsid mutations. We began our studies 
by using alanine scanning site-directed mutagenesis in the 
hope that some of the mutants would be temperature sensitive 
(11). The mutants were constructed in the noninfectious AAV 
plasmid, pIM45, which contains all of the AAV DNA sequence 
except the AAV terminal repeats. There are approximately 60 
charged clusters in the AAV capsid gene. Some of the clusters 
are overlapping; in those cases, only one cluster was chosen. 
For the initial round of mutagenesis, 48 sites, named mutl 
to m«/48, were targeted. These were spaced approximately 
equally over the capsid gene, with 12 mutants exclusively in 
VPl, 5 in VP2, and the rest in VP3 (Fig. 1). With the excep- 
tions noted below, in each cluster, all charged amino acids 
were converted to alanine. The mutations were created so that 
they also contained a restriction site at the site of mutation to 
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facilitate confirmation of the mutant sequence and subsequent 
insertion of foreign epitopes (Table 1). In addition, after se- 
quence comparisort of AAV serotypes 1 to 6, several other 
positions were targeted. mutTB and mut35 were made at posi- 
tions where extra amino acids were found in AAV4 by se- 
quence comparison with AAV2. mut32 was made by replacing 
TTT with AAA since TTT was not conserved among other 
AijLV serotypes at aa 454. Finally, in mut29 and mut3l, only 
one'Arg residue was changed to AJa, and in mutAS andmutAS, 
only one Lys was changed to Ala. The positions of the alanine 
scanning mutants and the specific amino acid substitutions are 
summarized in Table 1 and Fig. 1. 

Infectious titer assays reveal four general classes of mu- 
tants. To determine the effect of each mutation on viral infec- 
tivity, we used either wt pIM45 or a mutant plM45 plasmid to 
complement the growth of pTRUFS. pTRUFS is a recombi- 
nant AAV plasmid that contains the^ gene under the control 
of a CM V enhancer-promoter (22). The resulting recombinant 
TRUF5 virus contained either wt or mutant capsid proteins 
and could be titered for infectivity by counting green fluores- 
cent cells in thjc presence of an Ad5 coinfection. We h^d shown 
previously that the fiuoresceut cell assay produced titers within 
two- to threefold of those obtained with a conventional infec- 
tious center assay (51). Initially, each mutant was grown and 
titered at either 39.5 or 32^C to determine if any of the mutants 
were temperature sensitive. The experiments were done twice, 
and there was no significant variation in titer. On the basis of 
these titers, the mutants could be grouped into four classes 
(Fig. 2; Table 1). Class 1 contained mutants that have an in- 
fectious titer similar to the wt titer (less than 1 log difference; 
for example, tnuil and mu/2). Class 2 contained partially de- 
fective mutants with infectious titers 2 to 3 logs lower than the 
wt titer (for example, mu/4 and mutS). Class 3 contained tem- 
perature-sensitive mutants; three of these (mw/26, mutll, and 
mu/33) were heat sensitive, and two (mu/28 and mMr35) were 
cold sensitive. Class 4 consisted of 12 noninfectious mutants, 
whose titers were more than 5 logs lower than the wt titer. 

Noninfectious (class 4) mutants and temperature-sensitive 
(class 3) mutants were defective in packaging DNA or in form- 
ing stable virus particles. To determine the probable causes 
for the different defective mutants, we focused first on class 3 
and 4 mutants. For convenience, we ignored the fact that the 
temperature-sensitive mutants had low infectivity when grown 
at the partially restrictive temperature of 37''C (data not 
shown), and viral preparations for all class 3 and 4 mutants 
were made at 37**C. To determine if these mutants were able 
to make capsids, we used the A20 ELISA. The A20 antibody 
recognizes only intact AAV particles (43) and is useful for 
determining the physical particle titer irrespective of whether 
the capsids contain DNA (18). Eight of sixteen mutants that 
were tested were negative by ELISA reading (Table 2), indi- 
cating that they were unable to make capsids or that the cap- 
sids were unstable even in crude lysate preparations. All of 
these were class 4 (noninfectious) mutants and were classified 
as class 4b (Table 1; Fig. 1). 

QC-PCR assays also were performed on most of the class 3 
and 4 mutants. The QC-PCR assay measures the titer of AAV 
particles that contain DNase-resistant rAAV genomes (Fig. 3). 
We have shown previously that it provides physical particle 
titere that are equivalent to those obtained by dot blot assay 
but has better sensitivity at low particle titers (51). As ex- 
pected, mutants that were negative for the synthesis of AAV 
particles by A20 ELISA were also negative by QC-PCR assay 
(Table 2; Fig. 3). Most of the remaining mutants, which were 
positive for A20 particles, were also positive for packaged viral 
DNA in the QC-PCR assay (Fig. 3; Table 2). This group of 



noninfectious mutants {mutll and mut37) were called class 4a 
(Table 1; Fig. 1). Their defect was not in packaging but rather 
in the binding, internalization, or uncoating Steps ^of the viral 
entry process* One A20-positive mutajit (mM/31) was an excep- 
tion in that it was A20 positive but DNA negative by QC-PCR 
assay. This meant that mu(31 formed intact virus particles that 
were empty. To confirm this, mur31 was examined by EM (Fig. 
4), and it did indeed make empty particles. In contrast, the 
partially defective class 2 mutant, mutA, produced particles 
similar to wt particles. mutSl was assigned to class 4c (Fig. 1; 
Table 1). 

Some mutants are defective for binding the viral receptor. 

One potential cause for the reduced infectivity of class 2, 3, or 
4 mutants might be that they were unable to bind the viral cell 
surface receptor, the first step of the infectious cycle. Heparan 
sulfate proteoglycan has been identified as the primary cell 
surface receptor for AAV (37). To test whether these mutants 
could bind heparan, we developed a heparan column binding 
assay (Materials and Methods). lodbcanol-purified wt or mu- 
tant rAAVs were passed through a heparan agarose column, 
and the AAV capsid proteins in the s^ar^ipj material and the * 
bound (eluate) and unbound (fiowthrbugh and wash) fractions . 
were monitored by Western blotting using MAb Bl, which 
recognizes all three capsid proteins (Fig. 5; Table 3). As expect- 
ed, wt AAV had a high affinity for the heparan column, since 
little capsid protein was detected in the flowthrough and wash 
fractions, and most of the capsid protein was detected in the 
eluate. The same was true of most of the mutants tested (Fig. 
5; Table 3). Two mutants, however, mu£35 and muf41, bound, 
poorly to heparan (Fig. 5). A third mutant, mwMO, which is lo- 
cated aboijt 20 aa away from mw/41, also bound with reduced 
affinity (Fig. 5). This suggested that the primary defect in these 
mutants was their inability to bind to heparan sulfate proteo- 
glycan. We classified m«/35 as class 3b (temperature sensitive 
and heparan binding negative), mu/41 as class 2c (partially de- 
fective and heparan binding negative), and mu/40 as class 4d 
(noninfectious and heparan binding negath^e) (Fig. 1; and Ta- 
ble 1). • • 

Three class 4b mutants, miir20, mutlS^ and mu/46, could not 
be detected by Western analysis (Table 3). This was consistent 
with the fact that they made no capsid that was detectable with 
the A20 antibody (Table 2). Additionally, mu(27, a tempera- 
ture-sensitive mutant, and two class 2 mutants, m«r21 and 
mw/39, did not give any Western signal with MAb Bl (Fig. 5; 
Table 3). The heat-sensitive mutant, mu/27, was presumably 
unstable at the nonpermissive temperature used for growing 
this virus, mutll and mw/39 were partially defective when as- 
sayed in crude extracts (Fig. 2). The fact that they could not be 
detected by capsid antibody after iodixanol centrifugation sug- 
gests that these capsids were also unstable during purification. 
These mutants were assigned to class 2b on the basis of their 
capsid instability (Table 1; Fig. 1). The rest of the mutants in 
class 2 that bind to heparan were classified as class 2a, partially 
defective, and heparan binding positive (Tables 1 and 3; Fig. 
1). The nature of their defect was not clear but presumably was 
due to some step in the infectious process that occurs after 
viral attachment to the cell surface. 

Regions tolerating alanine substitutions do not tolerate 
other kinds of substitutions. We wanted to determine whether 
the class 1 mutants defined positions in the capsid genes that 
were truly nonessential for capsid function. To test this, we 
constructed a series of mutants in which either the serpin re- 
ceptor ligand, FVFLI (50), or the FLAG antibody epitope, DY 
KDDDDKYK, was substituted for capsid sequences at many 
of the class 1 mutant positions (Table 4). A number of class 2 
and class 4 mutants were tried as well. The serpin substitution 
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TABLE 1. Summary of all mutants 



Mutant' 



Type". 



Amino acid positions^, 



Class 



Phcnotypc* 



mutV 


Ala sub ' . 


9-13 DWLED-AWLAA 


mut2^ 


Ala sub 


24-28 KLKPG-ALAPG . 


mut3^ 


Ala sub 


33-37 KPKER-APAAA 


mutA^ 


Ala sub 


39-43 KDbSK-AA,ASA 


nuuS^ 


Ala sub 


63-67 EPVNE-APVNA. 


mut&- 


Ala sub 


67-71 EADAA-AAAAA 


muti^ 


Ala sub 


74-78 EHDKA-AHAAA 


mut& 


Ala sub . 


76-80 DKAYD-AAAYA 




Ala sub 


84-88 DSGDN-ASGAN 




Ala sub 


95-99 HADAE-AAAA^ 


miaU^ 


Ala sub 


102-107 ERLKED-AALAAA 


mutV^ 


Ala sub 


122-126 KKRVL-AAAVL 


mutl3^ 


Ala sub 


142-146 KKRPV-AAAPV 




Ala sub 


152-156 EPDSS-AP ASS 


mutlS^ 


Ala sub 


168-172 RKRLN-AAALN 




Ala sub 


178-182 GDADS-GAAAS 




Ala sub 


180-184 DSVPD-ASVPA 


muilB'^ 


Ala sub 


216-220 EGADG-AGAAG 


miirl9' 


Ala sub 


228-232 WHCDS-WACAS 




A'a sub 


235-239 MGDRV-MGAAV 


mut21^ 


Ala sub 


254-258 NHLYK-NALYA . 


fnut22^ 


Ala sub 


268-272 NDNHY-NANAY 


mu(23* 


Ala sub 


285-289 NRFHC-NAFAC 




Ala sub 


291-295 FSPRD-FSPAA 


mu(25^ 


Ala sub 


307-311 RPKRL-APAAL 




Ala sub 


320-324 VKEVT-VAAVT 


mu/27' 


Ala sub 


344-348 TDSEY-TASAY 


mutTS'^ 


Ala ins 


384-385 AAA 




Ala sub 


389 R-A 




Ala sub 


415-419 FEDVP-FAAVP 


mu/31* 


Ala sub ' 


432 R-A 


mM/32^ 


Ala sub 


454-456 TTT-AAA 


mut33^ 


Ala sub 


469-472 DIRD-AIAA 


mut34^ 


Ala sub 


490-494 KTSAD-ATSAA ' 


mut35^ 


Ala ins 


509 AAAA 


mut36^ 


Ala sub 


• 513-517 RDSLV-AASLV 


muiil 


Ala sub 


S?7-S^7 KDDFFK-AAAAA 


mut3^ 


Ala sub 




mut3Si^ 


A 1 Q CI 1 r% 


SSV^S7 nTFKV-ATAAV 


tnut*k\r 


/vid aUU 


561-565 DEEEI-AAAAI 




/\ln alio 


SRS-SRR TinNR-AGAA 




A 1 o CI in 


fin7-fil 1 ODRDV-OAAAV 


fnut43^ 


Alia ciiV> 


624-628 TDGHF-TAGAF 






637-641 FGLKH-FGLAA 


tnuiAS^ 


A In eiiH 

/\IO 9U.U 


665 K-A 




Ain Ctih 


681-683 EIE-AAA 




Ala ciih * 


689-693 ENSKR-ASSAA 


mutAB} 


Ala sub 


706 K-A 


T 1 


HA ins 


266 




HA ins 


328 




HA ins 


447 


T A 


HA ins 


522 




HA ins 


553 


Lai 


HA ins 


591 


L7 


HA ins 


664 


VPNl 


HA, AU ins 


1 


VPl 


HA ins, Ser sub 


34 


VPN2^ 


HA, Ser ins 


138 


VPNS 


HA, Ser ins 


203 


VPC 


HA, Ser, AU, His ins 


735 


mu/lsubscrl 


Ser sub 


10 


mu/2subser2 


Ser sub 


24 


mw;3subser3 


Ser sub 


34 


mu/9subser4 


Ser sub 


84 


mw/14subser5 


Ser sub 


150 


miy/16subser6 


Ser sub 


178 


mu/19subser7 


Ser sub 


224 



1 
1 

1 

2a 

2a 

2a 

2a ' 

2a 

1 

2a 
1 

2a 

1 

1 

2a 

1 

1 

2a 

4b 

4b . 

2b 

4a 

4b 

4b 

4b 

3a 

3a 

3a 

1. 

2a 

Ac 

1 

3a 
2a 
3b 
2a 
4a 
1 

2b 

4d 

2c 

4b 

1 

1 

1 

4b 
4b 
2a 

2a 
4a 
2a 
4d 
4a 
2c 
2a 
2a 
2a 
2a 
4b 
4b 

4a 
4a 
2a 
4a 
4a 
4b 
4b 



wt 
wt 

wtj surface 
pd, hep"^ 
pd, hep* 
pd, hep* 
pd, hep**" 
pd, hep* 
wt 

pd, hep* 
wt 

pd, hep* 

wt 

wt 

pd, hep* 

wt 

wt 

pd, hep* . 
ni, no capsid . 
' ni, po capsid* 
pd, unstable capsid 
ni, full particle 
ni, no capsid 
ni, no capsid 
ni, no capsid 
hs 
hs 
cs 
wt 

pd, hep* 

ni, empty particle 

wt 

hs 

pd, hep* 

cs, hep", surface 

pd, hep* 

ni, fiill particle 

wt 

pd, unstable capsid 

ni, hep", full particle, surface 

pd, hep", surface 

ni, no capsid 

wt 

wt 

wt 

ni, no capsid 
ni, no capsid 
pd, hep* 

pd, A20", A20 epitope", surface 

ni, A20*, surface 

pd, hep*, surface 

ni, hep", surface 

ni, A20*, surface 

pd, hep", surface 

pd, hep*, surface 

pd, hep*, surface 

pd, hep*, surface 

pd, hep*, surface 

ni, no capsid 

ni, no capsid 

ni, A20* 
ni, A20* 
pd, hep* 
ni, A20* 
ni, A20* 
ni, no capsid 
ni, no capsid 



Continued on following page 
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TABLE l—Continued 



Mutant" 



mu/32subser8 

mur37subser9 

mui39subserl0 

mu/40subserll 

mu/41subserl2 

mu/44subserl3 

mui45subserl4 

mii/46subseri5 

muMsubflg2 

mu/8subflg3 

mM/16subflg4 

mur32subflg5 

m«r37subflg6 

mi/r38subflg7 

mi/r40subflg8 

r)ur44subflg9 

muMSsubflglO 

mii/46subflgll 



Type'' 



Ser sub 
Ser sub 
Ser sub 
Ser sub 
Ser sub 
Ser sub 
Ser sub 
Ser sub 
FLAG sub 
FLAG sub 
FLAG sub 
FLAG sub 
FLAG sub 
FLAG sub 
FLAG sub 
FLAG sub 
FLAG sub 
FLAG sub 



Amino acid position^ 



454 

526 

553 

562 

590 

638 

664- 

682 

39 

76 

178 

454 

526 

547 

562 

638 

664 

682 



Qass 



4b. 

4b . 

4b 

4b 

4b 

4b 

4b 

4b 

4a 

4a 

4a 

4a 

4a 

4a 

4b 

4b 

4b 

4b 



ni, no capsid 
ni, no capsid 
ni, no capsid 
ni, no capsid 
ni, no capsid 
ni, no capsid 
ni, no capsid 
ni, no capsid 
ni,A20* 
m,A20* 
ni, A20* 
ni, A20* 
ni. A20* 
ni, A20* 
ni, no capsid 
nt, no capsid 
ni, no capsid 
ni, no capsid 



' Superscripts 1 to 4 indicate I 

f'cpltoj^^imi^ii^^^ add of wt cap; Ser or PLAG sub, substitution of the Ser ^iF^i^S.^'PiV^rJ?^^^ a"^^ 

immediately after the indicated AAV amino acid residue. Amino acid tags: HA. YPYDVPDYA; AU, DTYRYI; HIS. HHHHHH; Ser. FVFLI; FLAG. 



dicatc that a restriction site was introduced as a result of the dlaninc substitution mutation: 1, ATitfl; 2, Eq^i, 3. ^. r»lu\. 
* Aii sub, alanine subStitction thuiam; Ala ins, siring of alanine r;^Q jci inscrltd ahcr the inciirracd amino acid; HA,^AU, ^^•^^'^^^'j^'^j^ v ^^7.^!^ 
His, or Ser c 

beginning immediately ! 

^^S^p^?alll*y defective for infcctivity. between 1 to 3 logs lower than wt; cs and hs. cold sensitive and heal sensitive, respcaively. ni. noninfectious. 5 logs than 
wt; hep^ mutant bound to a heparan column; hep", mutant did not bind to heparan sulfate; no capsid. mutant was A20 ELISA negative and MAb Bl negative; A20 , 
mutant could be detected with A20 antibody; surface, position was present on the surface of the capsid. 
^ The serpin insertion in VPN2 was KFNKPFVFU. 



(5 aa) was the same size as the largest alanine substitutions. 
The FLAG epitope is highly charged, as were many of the 
substituted wt sequences. As expected, substitutions at class 2 
(partiaUy defective) or class 4 (nonviable) positions did not 
prpduce infectious virus (Table 4). Surprisingly, although many 
of the class 1 serpin or FLAG substitutions produced some 
physical particles detectable with the A20 antibody, only one of 
the substitutions, serpin at aa 34 (the mut3 position), produced 
infectious virus particles in substantial yield (Table 4). Most 



infectious titers were reduced by 5 logs or more, and particle 
titers (as judged by A20 ELISA) were reduced or undetectable 
as well. Thus, although modification of . charged residues in 
class 1 mutants to alanine was permissible, these regions of the 
capsid were nevertheless essential for capsid formation and 
were sensitive to other kinds of substitutions: 

Putative loop regions and the N-terminal regions of VPl and 
VP2 are able to accept insertions of foreign epitopes. We also 
chose several other sites for insertion of foreign sequences. For 





7.00 




6.00 




5.00 




4.00 




3.00 




^00 




1.00 




0.00 


1 








Log 


aoo 


1.00 




2.00 




3.00 




4.00 




5,00 




6.00 




7.00 



VP1 



VP3 













39^ "C 






















































































































































































*- 








* 






























































+ 






















































^^^^ 1 























2 Z S S 

3 & & £ 

^ ^ N W 



































































































i 












































































































































































1 


















































32 



FIG 2. Infectious titers of virus slocks containing wt and mutant capsid proteins. The GFP fluorescent cell assay was used to liter virus slocks of wt and mutant 
virus stocks containing the pTRUFS genome. 293 cells were transfcctcd with wt or mutant plM45 complementing plasmid in the presence of pTRUF5 and p?OC6 at 
39.5 and 32'*C Cells were collected 48 h posttransfeclion and then frozen and thawed three times. The crude lysate was used to infect 293 cells at 39.5 and 32 C with 
Ad5 (MOl = 10) The log value of the average infectious titer (infectious particles/mill ilitcr) that was obtained from two independent experiments is shown. There was 
no significant difference between experiments. The distribution of mutants unique to VPl, VP2, or VP3 is shown at tbe.top. Asterisks indicate tcmperature-scnsiUvc 
mutants; noninfectious mutants are indicated by check marks. 
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TABLE 2. Determination of physical particle titer and 
DNA-containing particle titer of class 2 and 3 mutants 



Construct' 



A20 EUSA^ 



OC-PCR'^ 



pIM45 (wt) 
muil9 
mutlO 
mutll 

mu/24 
mutlS 
mut26 (hs) 
mutll (hs) 
mut2S (cs) 
mM/31 
mut33 (hs) ' 
mut35 (cs) 
mu/37 
muM 
mut^l 
mutA6 
miuAl 



+ + + 



+ + 



ND" 

+ 

+ 

+ + 

+ + 
+ + 



+ + + 



+ + 



ND 
ND 
ND 

+ 

+ + 
+ 

+ + 

ND 
ND 



* hS. neat sensitive; cs, cold sensitive. 

'* + + +, >10^- particles/ml; ++, >10'^ particles/ml; +, > 10*" particles/ml; ~, 
<10^ panicles/ml, which was the Hmit of detection by A20 ELISA. 
. <^ + + +. >10" full particles/ml; ++, >10*° full particlcs/ml; +, >10' full 
particlcs/ml; -, <10^ full partidcs/ml. 
*' ND, not done. 



these mutants, we chose to insert the less charged HA epitope, 
YPVDVPDYA. The target positions for insertion were the 
N-terminal regions of the three capsid proteins, VPl, VP2, and 
VPS, the C terminus of the cap ORF and seven positions 
(mutants LI to L7) that were believed to be in loop regions of 
the capsid protein based on an alignment of the AAV capsid 
sequence to that of CPV (9). Since these sites were suspected 
to be on the surface of the capsid, insertions at these sites 
might not affect capsid assembly or stability (Fig. 1). Mutations 
in the loop regions had been targeted successfully before by 
Girod et al. (15), who were able to insert the L14 ligand at aa 
587 without significant loss in infectivity. 

Insertions at the N termini of VPl (VPNl) and VP3 (VPN3) 
and the C terminus of the cap ORF (VPQ were not well 



tolerated (Table 5), To eliminate the* possibility that the defect 
in these mutants was due to the HA tag, other tags such as AU, 
His, and Myc were also inserted at the N termini* of VPl and * 
VPS and the C terminus of cap, and they also were not toier- . 
ated at those positions- (Table 1 and data not shown). Inser- 
tions at three of the putative loop regions were also not viable 
(Table 5, mutants L2, L4, and L5). Mutants L4 (aa 522) .and L5 
(aa 553) were interesting in that they produced a significant 
yield of physical particles that were not infectious. 

However, HA insertions were well tolerated at aa 34 within 
the N-terminal region of VPl, at the N terminus of yP2, and 
within three of the putative loop regions, loop I (mutant LI), 
loop IV (mutants L3 and L6), and loop V (mutant L7) (Table 
5;Fig.l). 

Some HA insertion positions are on the capsid surface. To 
determine whether the HA insertion mutants contained the 
HA sequence exposed on the surface of the capsid, we used 
batch immunoprecipitation with HA MAb-conjugated beads. 
In each case virus was purified by iodixanoi density centrifu- 
gation and heparan column chromatography to remove any^ 
3c!ubie capsid protein that ntight be present in cnide viial 
preparations. As expected, insertion of the HA tag at the N 
terminus of VP2 (mutant VPN2) produced a slight increase in 
the molecular weight of VP2 and VPl compared to wt protein, 
pIM45 (Fig. 6A, Bl mAb). Western blotting with the HA MAb 
confirmed that the HA tag was present in both VPl and VP2 
(Fig. 6A, HA mAb). In the case of the VPl mutant (HA 
insertion at aa 34 in VPl), only VPl had a higher molecular 
weight and only VPl contained the HA tag (Fig. 6A), as ex- 
pected. When the viable insertions, VPN2 (HA insertion at the 
N terminus of VP2) and VPl (insertion at aa 34), were treated 
with HA MAb-conjugated beads, substantial amounts of both 
viruses were precipitated (Fig. 6B, HA* mAb). This demon- 
strated that in both cases the HA epitope was on the surface of 
the virus particle and accessible to the antibody. Control wt 
virus particles (Fig. 6B, pIM45), were not precipitated with HA 
MAb to any significant extent. The amount of virus in the 
starting material was monitored by Western blotting with Bl or 
HA MAb. 

The putative loop HA insertion mutants, LI to L7, were also 
incubated with HA MAb-conjugated beads. Although the in- 
sertions in some of these mutants produced noninfectious vi- 
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FIG. 3. OC-PCR assay of wt and mutant virus stocks to detcnninc the DNA-containing particle tilers. Crude viruses were treated with DNasc to digest unpackagcd 
DNA and then treated with proteinase K to release the packaged DNA. The viral DNA was extracted with phenol-chloroform, precipitated with ethanol, and dissolved 
in water. Equal amounts of viral DNA were incubated with (from left to right in each panel) 100 fg, 1 pg, 10 pg, 100 pg, 1 ng, ox none of the pTRUFS plasmid DNA 
containing a deletion in the gfp gene and amplified by PCR. The PCR products were separated on 2% agarose gels and viewed by ethtdium bromide staining. The 
airangemcnt of lanes in each panel is the same. Results for wt plM4S viral DNA at three dilutions (1:1, 1:10, and 1:100) are also shown (top left three panels). Molecular 
markers were included in the left lane of the top left panel. 
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FIG..4. EM analysis of wi (A) and mutant (mutA [B] and mu/31 [C]) rAAVs. 
The viruses were purified by iodixanol step gradient ccntrifugaiion and heparan 
column chromatography as described elsewhere (51), concentrated in a Ccntri- 
con 10, and negaUvely stained with 1% uranyl acetate. Bar = 40 nm. Although ■ 
the iodixanol step gradient might be expected to remove empty particles, these 
particles apparently accumulate at the 25 to 40% interface, and a significant 
fraction arc recovered during this purification step. 



rus, they all produced sufficient A20 antibody-positive virus 
particles to test for the presence of the HA tag on the surface 
of the capsid. When this was done, all of the L-series insertions 
were shown to be in the immunoprecipitate (bound fraction) 
compared to the wt (pIM45) control (Fig. 7A). This demon- 
strated that each of these insertions at putative loop sites 
resulted in the HA epitope being on the surface of the capsid. 

We also checked whether these loop insertions affected 
heparan binding of the mutant capsids. Interestingly, two loop 
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FIG. 5. Heparan binding properties of mutant viruses. Iodixanol gradient- 
purified virus slocks were loaded onto a heparan column. Equivalent volumes of 
the starting, 40% iodixanol material (T), flowthrough (F)» wash (W), and clutcd 
(E) fractions were separated on SDS-10% aciylamide gels and Western blotted 
with MAb Bl. In some cases, the flowthrough and wash fractions were pooled 
(FW) and loaded together. 



TABLE 3. Heparan column binding properties of 
class 2, 3, and 4 mutants" 



Construct 


Heparan binding 


Construct 


Heparan binding 




1 

T 


mui2,i 


n 


mutA 


+ 






mutS 


1 

-r 


mui^M 


1 


mut6 


+ 


muiiX 


+ 


mutl 


+ 


mutyi 


+ 


mutS 


+ 


/7mr33 


+ 


mutlO 


+ 


mu/34 


+ 


muni 


+ 


mutZS 




mutyi 


+ 


mut36 


+ 


mut\l 


+ 


mutSl 


+ 


mul\A 


+ 


mut39 


0 


mutlS 


+ 


mut40 




mutlS 


+ 


muMl 




mutlO 


0 


mur43 


+ 


mut21 


0 


mu/46 


0 


mutH 


+ 


mut4B 


+ 


mutTS 


0 







".+, mutant virus bound to. a b'^pvan cnMrnn witl: the same affinity b$ vA, 
■ pIM45 virus; vims bound with at least a thitef61d-ldwer affinity; 0, no protein 
signal detected by Western blotting. 



insertion mutants, L4 and L6, were found to bind heparan 
columns with reduced affinity (Fig. 7B), which probably ac- 
counted for the lower infectivity of these mutants in the stan- 
dard fluorescent cell assay. The L4 and L6 insertions were 
near the heparan-binding-negative mutants mut35, mutAO, 



TABLE 4. Substitution of serpin or FLAG epitopes at capsid 
positions that tolerated alanine substitutions 

Titer- 



Mutant 


Infectious 


Physical particle 


mu/ Isubserl 




+ 


mur2subser2 




+ 


mM/3subser3 


1 log lower 


+ 


mu/9subser4 




+ 


mw/14subser5 




+ 


mur 16subser6 ' 






/7m/19subser7 






mur32subser8 






mu/37subser9 






mut39subserl 0 






mwf40subser1 1 






mur4 Isubserl 2 






muf44subserl3 






mm45subserl4 






muM6subserl5 






mur4subflg2 




+ 


mi«/8subflg3 




+ 


/mi/16subflg4 




+ 


miir32subflg5 




+ • 


mtir37subflg6 




+ 


mu/38subfig7 




+ 


mu/40subiig8 






i7U£i44subflg9 






mur45subflgl0 






mur46subflgll 







" Either a serpin peptide sequence or the FLAG sequence was substituted for 
the AAV capsid sequence at the positions used previously for alanine scanning 
mutagenesis (Fig. 2). Infectious titers were determined by GFP fluorescent cell 
assay. infectious virus could not be detected. Physical particle titers were 
judged by A20 ELISA.- +, particles were detectable; particles were not 
detectable. 
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TABLE 5. HA insertion mutants 



A. 



Titer 



Mutant 


jrosiuon 


Infectious" 


Physical particle" 


LI 


aa 266 


+ + ' 


+ 


L2 


aa 328 




+ 


U 


aa 447 


+ + 


+ + 


U 


aa 522 , 
aa 553 




+ + 
++ 


L6 


■ aa591 


+ + 


+ + 


L7 


aa 664 


+ + 


+ + 


VPhll 


aa 1 


+ 


+ + 


VPl 


aa 34 


+ + + 


+ + 


VPN2 


aa 138 


+ + + 


+ + + 


VPN3 


• aa203 






VPC 


C terminus 







" Determined by GFF fluorescence cell assay. + + + , Uog lower than wt; ++» 
2 logs lower, +, 3 logs lower; at least 5 logs lower. 

* Determined by A20 ELISA. +, 4 logs lower than wi plM45; + + » 2 to 3 logs 
lower, +++,1 log lower. undetectable.' 



and mut41 (Fig. 1). All live of these heparan-binding-negative 
mutants were located between aa 509 and 591, suggesting that 
this region within the AAV capsid constitutes the heparan 
binding domain of the capsid protein. 

Changing the tropism of AAV. To determine whether we 
could change the tropism of rAAV by inserting a novel recep- 
tor ligand into the capsid, we constructed two mutant plasmids 
that contained a serpin receptor ligand. In one case the serpin 
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FIG. 6. Immunoprecipitation analysis of VPl and VPN2 HA insertion mu- 
tants to determine the accessibility of the HA epitope. (A) Western blot analysis 
of iodixanol gradient-purified viruses with cither Bl (left) or HA (right) MAb. 
(B).lodixanol gradient and heparan column-purified viruses were precipitated 
with HA antibody coupled to agarose beads. The bound virus (Anti-HA mAb 
lanes) was eluted with SDS sample buffer and detected by Western blotting using 
MAb Bl. For comparison, virus that had not been treated with HA- MAb (Total 
sample) was also Western blotted with the Bl antibody. 
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FIG. 7. Properties of HA insertion mutants. (A) Immunoprecipitation of HA 
loop insertion mutants to determine whether HA is exposed on the capsid 
surface, lodbcanol gradient and heparan column-purified viruses were incubated 
with HA MAb beads as described for Fig. 6, The antibody bound (B) and 
unbound (UB) fraaions were separated on SDS-10% gels and detected by 
Western blotting with MAb Bl. As a negative control, AU MAb was used in the 
panel marked AU. The pIM45 panel contained recombinant virus made with the 
wi helper plasmid. (B) Heparan binding properties of wt and HA loop insertion 
mutants. The virus samples were treated as described for Fig. 5. Virus in the 
starting material (T), flowihrough (F), wash (W), combined flowthrough and 
wash (FW), or eluate (E) was delected by Western blotting with MAb Bl. pIM45 . 
is virus with wt capsid. 



ligand FVFLl (50) was substituted for the AAV capsid se- 
quence immediately after aa 34. In the second mtitant an 
expanded serpin receptor ligand, KFNKPFVFLI (50), was in- 
serted at the N terminus of VP2, aa 138 (Table 1). The mutant 
capsid plasmids were then used to package CBA-AT, an rAAV 
genome that contained the hAAT gene under the control of a 
hybrid CMV-p-actin promoter. As seen with the HA insertion 
mutants described above, the serpin mutants produced rAAV 
viral titers that were slightly (sixfold) lower in infectivity when 
titered by the infectious center assay on 293 cells (data not 
shown). However, when equal amounts of wt or mutant virus 
(as determined on 293 cells) were infected into IB3 cells, both 
mutant viruses showed substantially higher infectivity than wt 
(Fig. 8). The VF2 serpin insertion was 15-fold more infectious, 
and the VPl substitution mutant was approximately 62-fold 
more active. This suggested that 1B3 cells, a lung epithelial cell 
line believed to express the serpin receptor, were a much better 
target for the serpin-tagged chimeric rAAVs than wt and that 
the tropism of the mutant rAAVs had been changed. Because 
both mutants i-eUined the wt heparan binding region, we also 
infected IB3 cells in the presence of heparan sulfate to see if 
they continued to use heparan sulfate proteoglycan for viral 
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FIG. 8. Infection of IB3 cells with wt and mutant viruses containing a scrpin 
ligand insertion. IB3 cells (1.5 X 10^ per 15-mm well) were infected with Ad5 for 
60 min at an MOI of 10 and washed twice with medium. The cells then were 
infected for 60 min at an MOI of 400 with rAAV containing a genome that 
expressed the hAAT gene under the control of a CMV-p-aain hybrid promoter. 
Following infection, the cells were washed 'With m'ediu.-u aod :ncubat&d at ZVC. 
At 72 h postinfection, medium samples were taken to determine the AAT 
concentration by ELISA. All experiments were done in triplicate, and the aver- 
age for each experiment is shown. WT indicates that rAAV containing a wt AAV 
capsid (grown by complementation with pIM45) was used. VPl virus was grown 
by complementation with a mutant plasmid containing the serpin ligand se- 
quence (FVFLI) substituted for the AAV capsid sequence after aa 34 of the cap 
ORF. VP2 virus contained a serpin insertion (KFNKPFVFLI) at the N terminus 
of VP2, aa 138 of the cap ORF. In the +HS samples, rAAV infection was done 
in the presence of soluble heparan sulfate at a concentration of 2 mg/ml. 



entry. When this was done, both wt and mutant infectivity • 
dropped to barely detectable, levels (Fig. 8). Taken together, 
these findings suggested that the serpin-tagged viruses contin- 
ued to use heparan sulfate proteoglycan as the primary recep- 
tor and were using an alternative coreceptor, presumably the 
serpin receptor. 

DISCUSSION 

In this study we describe the phenotypes of 93 AAV2 capsid 
mutants at 59 different positions within the capsid ORF. Sev- 
eral classes of mutants were analyzed, including epitope tag or 
peptide ligand insertion mutants, alanine scanning mutants, 
and epitope substitution mutants. From this, we could identify 
some eight separate phenotypes (Fig. 1; Table 1). 

Noninfectious mutants. The bulk of the mutants that were 
noninfectious either were unable to assemble capsids or the 
capsids were unstable. These mutants (class 4b) were located 
predominantly but not exclusively in what are likely to be 
P-strand structures in the capsid proteins (Fig. 1). Two of these 
mutants were insertions at the N- and C-terminal residues of 
VPS, suggestuig that both ends of VP3 play a role that is 
important for capsid assembly or stability. We note that Ruff- 
ing et al. (32) have previously characterized deletions of the C 
terminus of the capsid ORF, and these deletions also were 
noninfectious. 

One noninfectious mutant, mw/31, produced viable capsids 
that were empty. This mutant, which consists of a single amino 
acid substitution (R432A), was apparently defective in pack- 
aging viral DNA and is located in putative loop IV (Fig. 1). It 
is not clear what the mechanism of viral DNA packaging is. 
Ruffing et al. (33) demonstrated that empty capsids could as- 
semble in the absence of viral DNA. Some studies have sug- 
gested thai packaging is an active process that requires inter- 
action of Rep proteins with capsid proteins (42) or possibly is 



coupled with DNA replication (49). Further studies v/ith mutSl 
may be helpful in understanding the mechanism of packaging. 

Most of the remaining noninfectious mutants (Fig. 1, class 
4a) were capable of assembling capsids and packaging DNA. 
These are likely to be defective in some aspect of viral entry or 
uncoating and will require further study to uncover the mech- 
anism of the defect. 

Receptor binding mutants. Two of the noninfectious mu- 
tants, muz40 and L4, were apparently noninfectious because 
they were unable to bind to heparan sulfate (Fig. 1, class 4d). 
Heparan sulfate proteoglycan is believed to be the primary cell 
surface receptor for AAV (37). Three other mutants also were 
identified as defective for binding heparan sulfate, two partially 
defective mutants (Fig. 1, class 2c) and one temperature-sen- 
sitive mutant (class 3b). Together, the five mutants were dis- 
tributed into two clusters in loop IV that were separated by 40 
aa. The first cluster spanned aa 509 to 520 (mu/35 and L4); the 
second was between aa 561 and 591 (mu/40, mu/41, and L6). 
Mutants L4 and L6 consisted of HA epitope insertions into the 
two heparan binding clusters. These were found to be capable ' 
of being inlmiiiioprecipit^^teQ b> HA Mrt>b, confirming that 
these positions were on the surface of the capsid. We note also 
that Girbd et al. (15) reported that insertion of the L14 epitope 
at aa 587, the position of our heparan-negative mut41 mutant, . 
was capable of targeting the virus to the L14 receptor, thus 
confirming that this region is on the surface of the capsid. A 
heparan-negative insertion mutant also was reported by Rabi- 
nowitz et al. (30) while this report was in preparation; it fell 
near the first cluster at aa 522. Taken together, analyses of 
these mutants suggest that the putative loop IV region contains 
two blocks of residues that are on the surface of the capsid and 
involved in heparan sulfate binding. 

•A heparan binding motif which consists of a negatively 
charged amino acid cluster of the type XBBBXXBX (where B 
is a basic amino' acid and X is any amino acid) has been 
identified in several receptors and viruses (19a). Regions con- 
taining these clusters also appear to be sensitive to spacing 
changes. Although no heparan binding consensus motif of this 
kind was found in our heparan binding mutants, there were 
basic amino acids near these domains, mu/35, an insertion at aa 
509, was near basic amino acids K507 and H509. Interestingly, 
K507 is conserved in AAVl, -2, -3, -4, and -6 and in AAV5 is 
an R. H509 is present only in AAV2 and -3. AAVl, -2, and -3 
are known to bind to heparan sulfate, while AAV4 and -5 do 
not. Additionally, L4, an insertion at aa 520, was near basic 
amino acids H526 and K527, and L6, an insertion at aa 591, 
was near R585 and R588. H526 and K527 are conserved except 
for AAV4 and -5, while R585 and R588 are unique to AAV2. 
For all of these mutants, the insertions could have disrupted 
local conformation that hindered normal heparan binding. For 
mu/41, R-to-A substitutions at aa 585 and 588 might contribute 

directly to reduced heparan binding. Finally, mu/40 did not 

affect either basic amino acids or spacing within the capsid 

protein. 

Capsid regions that are on the surface of the virus particle. 
In addition to the heparan binding clusters, several other re- 
gions were also present on the capsid surface. These include 
four of the five putative loop regions (mutants LI to L7), the 
N terminus of VP2 (mutant VPN2), and a region within the N 
terminus of VPl at amino acid 34 (mutant VPl). HA epitope 
insertions at these positions were all capable of being immu- 
noprecipitaled with anti-HA antibody (Fig. 6 and 7). We note 
that the LI insertion mutant at aa 266 had the peculiar phe- 
notype of being partially viable (Table 1) but was not detect- 
able with the A20 MAb, an antibody that recognizes a confor- 
mational epitope that is present only in intact viral particles. A 



Vol 74, 2000 



AAV2 CAPSID MUTATIONAL ANALYSIS AND RETARGETING 8645 




no. 9. Ribbon diagn>n« of a di^er of .he AAV VP3 n.odC ^^«t<? — gttt di^a^sT^^^^^^^^^ rLtTvFB 
icosahedral twofold »ds. TTe strand, rf the p-barrcl mouf are «.lored ^^'^'^^^'^„^^2°LJm^^^ m gray balls iden.ify'^.he location of 4sid»es 266, 477. 591. 



nearby capsid-forming mutant made by Girod et al. (15) at aa 
261 was also negative for A20 antibody binding. This suggests 
that at least part of the epitope for the A20 MAb consists of 
amino acids between 261 and 266 and confirms that this region 
is on the surface of the intact particle. 

Of the positions identified as being on the surface of the 
capsid we found six that potentially are capable of accepting 
foreign epitope or ligand insertions for retargetmg the viral 
capsid to alternative receptors. These are the N-terminal re- 
gion of VPl (near aa 34), the N terminus of VP2 (aa 138), the 
loop I region (aa 266), the loop IV region (near aa 447 and 
591) and the loop V region (aa 664): All of these locations 



were capable of tolerating an HA (or serpin) insertion and 
produced recombinant virus uiers that were within 1 to 2 logs 
of the wt value. Furthermore, HA epitope insertions at these 
positions were capable of being immunoprecipitated with an- 
ti-HA antibody (Fig. 6 and 7). Two of these positions, when 
tested with a serpin ligand insertion or substitution, produced 
virus that was much more infectious on IB3 cells than wt virus. 
Curiously, both serpin mutants were still inhibited by soluble 
heparan sulfate, suggesting that heparan sulfate proteoglycan 
was still the primary receptor for these mutants and that the 
serpin receptor was being used as an alternative coreceptor. It 
is conceivable that one or both of these capsid positions is 
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involved in binding lo pne or both 6f the proteins that normally 
act as coreceptors for wt virus, fibroblast growth factor (28), or 
integrin OvPs (36). This would explain their partial defect on 
293 cells and the recovery of * inf ectivity on IB3 cells. Further 
studies will be needed to test this possibility. 

Mutants with unstable capsids and temperature-sensitive 
pbenotypes. Three mutants, mu/21, mu/27, and mur39, were 
found to have capsids that were unstable when purified 
through an iodbcanol gradient, lodixanol is an iso-osmotk gra- 
dient purification method that appears to be gentler than CsQ 
centrifugation (51). Thus, these mutants appear to be partic- 
ularly sensitive to capsid denaturation. mutll and mw/27 are in 
putative p sheets, and mu/39 is in loop IV. It is worth noting 
that Rabinowitz et al. (30) also isolated an unstable capsid 
mutant at aa 247 that is near the mu/21 position, aa 254. mu/27 
is also one of five temperature-sensitive mutants isolated dur- 
ing this study. The temperature-sensitive mutants and the un- 
stable capsid mutants should prove useful in future studies for 
identifying steps in the czpsid assembly or the infection process. 

Viable and partially defective mutants. The two largest 
classes of mutants isolated w^re dthei wt (class » ) c: paltialiy 
defective (class 2a) with no identifiable defect (Fig. 1). Both 
class 1 and class 2a mutants were distributed either in the VPl 
and VF2 unique regions or in the predicted loop regions of the 
capsid protein. We naively assumed that class 1 mutant posi- 
tions, which produced viable capsids after substitution of two 
to five alanine residues, were regions that were nonessential 
for capsid assembly or stability and therefore should accom- 
modate other kinds of substitutions. However, when serpin or 
FLAG epitopes were substituted at many of these sites, most 
of the mutants were nonviable, with the exception of aa 34 in 
VPl. Indeed, many of these viruses were negative for capsid ' 
assembly and should also be useful for identifying possible 
intermediates in capsid assembly. 

Ruffing et al. (33) showed previously that VPl and VP2 but 
not VP3 contained nuclear localization signals (NLS), and 
three putative NLS are located in the VP1A^P2 region at aa 
121 to 125, 141 to 145, and 167 to 171. Hoque et al. (19b) have 
shown that aa 167 to 172 were sufficient to target VP2 to the 
nucleus, although their experiments did not rule out possible 
redundancy with the other two putative NLS sequences. All 
three of these putative signals were targeted with alanine scan- 
ning mutants (mM/12, mu/13, and mutlS) in our study. Two of 
these mutants, mM/12 and mu/15, were partially defective, and 
the inactivation of an NLS may be the reason for their pheno- 
type (19b, 33). We note that mutlS should have eliminated the 
NLS identified by Hoque and colleagues. The fact that mw/15 
was only partially defective suggests that there may be an al- 
ternative, redundant NLS sequences that are used by the cap- 
sid proteins. The third mutant (mM/13) was classified as viable, 
but it also showed a lower than wt titer (Fig. 1). 

Molecular computer graphics construction of an AAV model 
and structural localization of mutant residues. Because the 
AAV crystal structure is not available, the atomic coordinates 
of CPV VP2 (PDB accession no. 4DPV) were interactively 
mutated using the program O (20) to generate a homology- 
based model of the AAV capsid, using modifications of the 
alignments of the AAV major capsid protein (VP3) with the 
VP2 capsid protein of CPV (9, 15). The mutations were fol- 
lowed by refinement constrained with standard geometry in the 
O database. The model provided a means for preliminary 
structural identification of the heparan receptor attachment 
sites in the surface depression (dimple) near the twofold ico- 
sahedral axes of the capsid, surface loop regions which can 
tolerate foreign peptide sequence insertions, and a possible 
explanation for the phenotype of mM/31 (Fig. 9). 



The topographic location of the putative heparan binding 
region is consistent with regions that have been suggested as 
being invdh/ed in host cellular fact6r(s) recognition and impli- 
cated in tissue tropism and in vivo pathogenicity for other 
parvoviruses (3, 4, 24, 39). It is of interest that the putative 
heparan binding site is adjacent to a region of the AAV capsid 
that contains a peptide insert when the AAV VP3 sequence is 
compared to that of CPV VP2 and the VP2 of most of the 
other autonomous parvovirus sequences (9). Also a similar 
insertion of peptide sequences compared to CPV (although 
not in a homologous region of the VP2 to that observed in 
AAV) is present in the capsid of Aleutian mink disease par- 
vovirus and minute virus of mice, proximal to residues in the 
dimple depression which are implicated in tissue tropism (24). 
Thus, these insertions may be capsid surface adaptations that 
enable the capsids to recognize different receptors during in- 
fection. In the case of AAV, its dimple peptide insertion, which 
is absent in the other parvoviruses, may enable it to recognize 
heparan sulfate, which has not been implicated in cellular 
infectivity by any other parvovirus. . 

The model also" clearly 3hows that fe^ioni: of ..the , capsid 
which . tolerated the insertions of the HA epitope (i.e., at res- 
idues 266, 447, 591, and 664) are on the surface loops present 
between the p strands of the p-barrel motif (Fig. 9). The 
P-barrel motif forms the core contiguous shell of parvovirus 
capsids, while the surface loops make up the surface decora- 
tions, dictating the strain-specific biological properties of the 
members. The observation that these surface regions can tol- 
erate foreign peptide. insertion is an indication that they are 
not involved in the interactions that govern capsid assembly. 

Finally, the model provides a possible explanation for the 
observation that mwr31 (R432A) is able, to form only empty 
particles^ In the unassembled VP3 monomer, the side chain of 
R432, points toward the interior of the capsid and would most 
likely be in contact with DNA. If recognition and encapsida- 
tion of AAV DNA precede final capsid assembly and involve 
oligomeric intermediates, then R432 contacts with DNA may 
be essential for initiating capsid assembly around a nascent 
DNA strand. 

In summary, we have reported a preliminary analysis of mu- 
tants at 59 positions within the AAV2 capsid ORF. We have 
identified regions in the capsid proteins that affect infectivity, 
capsid formation, capsid stability, DNA packaging, and recep- 
tor binding. These mutants should be valuable for defining the 
functional domains of AAV capsid proteins and for dissecting 
the molecular mechanism of viral entry. Additionally, we have 
defined a number of regions in the capsid gene at which foreign 
ligands can be inserted and have demonstrated that insertion 
of a foreign receptor ligand at some of these positions can 
change the tropism of the virus. This is the first step in the 
development of the next generation of AAV vectors, which can 
be targeted to specific cellular receptors or tissues. 

ACKNOWLEDGMENTS 

We thank J. Kleinschmidt for kindly providing MAbs A20 and Bl. 
We also thank R. J. Samulski for providing plasmid pXX6. We ac- 
knowledge the Vector Core Laboratory at the Powell Gene Therapy 
Center, University of Florida Medical School, for technical assistance 
on rAAV production. We thank Corrine Abemathy, Daniel Lackner, 
and Eric Kolbrener for help on this project. 

This work was supported by grants POl HL59412, POl HL51811, 
and POl NS36302 from the National Institutes of Health. 

REFERENCES 

1. Agbandje, M., S. Kajigaya, R. McKenna, N. S. Young, and M. G. Rossmann. 
1994. The structure of human parvovirus B19 at 8 A resolution. Virology 203: 
106-115. 



Vou 74, 2000 



AAV2 CAPSID MUTATIONAL ANALYSIS AND RETARGETING 8647 



2 Agbandje, R. McKenna, M. tJ. Rosimonn, M, U Strassheim, and C R. 

Parrish. 1993. Structure determination of feline panleuJcopenia vims empty 

particles. Proteins 1.6:1557171.. ^ ^ ,t j 

3. AgbawUe-McKenna, A. U UamAs-Saiz, F. Wang. P. Taltersall, and 

M. G. Rossmann. 1998. Functional implications of the structure of the 

murine parvovirus, minute virus of mice. Structure 6:1369-1^81. 
4 Barbis, D. P., S. F. Chang, and C R. Parrish. 1992. Mutations adjacent to 

the dimple of the canine parvovirus capsid stniuurc affect sialic add binding. 

Virology 191:301-308, ' . 
5. Bcms, K. 1., and R. A. Bohcnzky. 1987. Adcno-assoaatcd viruses: an update. 

Adv. Virus Res. 32:243-306. . ' . 

6 Beros, K. and C. Giraud. 1995. Adenovirus and adeno-associated virus as 

* vectors for gene therapy.- Ann. N. Y. Acad. Sci. 772:95-104. 

7 BuUer, R. M., J. E. Janik, E. D. Sebring, and J. A. Rose. 1981. Herpes 
simplex virus types 1 and 2 completely help adcnovinis-assodaicd virus 
replication. J. Virol. 40:241-247. ^ 

8 Casto, B. C J. A. Armstrong, R. W. Atchison, and W. M. Hammon. 1967. 
Studies on the relationship between adeno-associated virus type 1 (AAV-l) 
and adenoviruses. 11. Inhibition of adenovirus plaques by'AAV; its nature 
and specificity. Virology 33:452-458. 

9. Chapman, M. and M. G. Rossmann. 1993. Structure, sequence, and 

* function correlations among parvoviruses. Virology 194:491-508. 

10. Chiorinl, J. A.. U Vang, Y. Uu, B. Safer, and R. M. Kotin. 1997. Ooning of 
adeno-associated virus type 4 (AAV4) and generation of rccombmant AAV4 
particles. J. Virol. 71:6823-6833. 

11. Cunningham, 3. C, and J. A, Wells. 1989. High resolution epitope mapping 
cf hOH-receptor interactions by alarifrtt-scanning mutagenesis. Science 244: 
1081-1085. J 

12. Rsher, K. J., G. P. Gao, M. D. Weitzroan, R. DcMaUeo, J. F. Burda, and 
J. M. Wilson. 1996. Transduction with recombinant adeno-associated virus 
for gene therapy is limited by leading-strand synthesis. J. Virol 70:520-532. 

13. Fisher-Adams, G., K. K. Wong, Jr., G. Podsakoff, S. J. Forman, and S. 
Chatterjee. 1996. Integration of adeno-associated virus vectors in CD34+ 
human hematopoietic progenitor cells after transduction. Blood 88:492-504. 

14 Flotte, T. S. A. Afionc, C. Conrad, S. A. McGratb, R. Solow, H. Oka, P. L. 
KeiUin, W. B. Guggino, and B. J. Carter. 1993. Stable in vivo expression of 
the'«5tic fibrosis transmembrane cdnductance regulator with an adeno- 
assodated virus vector. Proc NaU. Acad. Sci. USA 90:10613-10617. 

15. Girod, A^ M. Ried, C Wobus, H. Uhm, K. Leikc, J. Kleinschroidt, G. . 
■ Delcage, and M. HallcL 1999. Genetic capsid modifications allow efficient 

re-targeting of adeno-associated virus type 2. Nat. Med. 5:1438. 

16. Gnatenko, D.. T. E. Arnold, S. Zolotuktain, G. J. Noovo, N. Ma^yczka, and 
W. F, Bahou. 1997. Characterization of recombinant adeno-associated vi- 
rus-2 as a vehicle for gene dcliveiy and expression into vascular cells. J. In- 
vcstig. Med. 45:87-98. ^ . . 

17. Graham, F. U J. Smiley. W. C Russell, and R. Nairn. 1977. Characteristics 
of a huinan cell line transformed by DNA from human adenovirus type 5. 
J. Gen. Virol. 36:59-74. . , „. . 

18. Grimm, D.. A. Kern, M. Pawiita, F. Ferrari, R. Samulski, and J. Klein- 
schmidt 1999. Titration of AAV-2 panicles via a novel capsid ELISA: 
packaging of genomes can limit production of recombinant AAV-1 Gene 
Ther. 6:1322-1330. ^ 

19. Hermonat, P. L., M A. Labow, R. Wright, K. I. Bems, and N. Muzyczka. 
1984. Genetics of adeno-associated virus: isolation and preliminary charac- 
terization of adeno-associated virus type 2 mutants. J. Virol. 51:329-339. 

19a.Hileman, R. E., J. R. Frvmrn, J, M. Wciler, and R. J. Unhardt. 1998. 

Glycosaminoglycan-protcin interactions: definition of consensus sites in gly- 

cosaminoglycan binding proteins. Bioessays 2:156-167. 
19b Hoquc. M., K. Ishizu, A. Matsurooto, S. 1. Han, F. Arisaka, M. Takayama, 

K. Suzuki, K. Kalo, T. Kanda, H. Watanabe, and H. Handa. 1999. Nudcar 

transport of the major capsid protein is essential for adeno-associated virus 

capsid fonnation. J. Virol. 73:7912-7915. 

20. Jones, T. A., J. Y, Zou, S. W. Cowan, and Kjeldgaard. 1991. Improved 
methods for binding protein models in electron density maps and the loca- 
tion of errors in these models. Acta Ciystallogr. A 47:110-119. 

21. Kaplitt, M. G., P. Leone, R. J. Samulski, X. Xiao, D. W. Pfaff, K. L. OTSfalley, 
and M. J. During. 1994. Long-term gene expression and phenotypic correc- 
tion using adeno-associated virus vectors in the mammalian brain. Nat. 
Genet 8:148-154. 

22. Klein, R. U, E. M. Meyer, A. L. Peel, S. Zolotukhin, C. Meyers, N. Muzyczka, 
and M. A. King. 1998. Neuron-specific transduction in the rat seplohip- 
pocampal or nigrostriatal pathway by recombinant adeno-associated virus 
vectors. Exp. Neurol. 150(2):1 83-194. 

23. McCarty, D. M., M. Christensen, and N. Muzyczka. 1991. Sequences re- 
quired for coordinate induction of adeno-associated virus pl9 and p40 pro- 
moicis by Rep protein. J. Virol. 65:2936-2945. 

24. McKenna, R., N. H. Olson, P. R. Chipman. T. S. Baker, T. F. Booth, 
J. Christensen, B. Aasted, J. M. Fox, M. E. Bloom, J. B. Wolfinbarger, and 
M. Agbam^je-McKenna. 1999. Three-dimensional structure of Aleutian mink 
disease parwovinis: implications for disease pathogenicity. J. ViroL 73:6882-6891. 

25. Muralidhar, S. P. Becerra, and J. A. Rose, 1994. Site-directed mutagen- 
esis of adcno-associatcd virus type 2 structural protein initiation codons: 



effects on regulation of synthesis and biological activity. J. Virol. 68:170-176. 

26. Muzyczka, N. 1992. Use of adeno-associated virus as a general transduction 
vector f9r mammalian cells. Curr. Top. Microbiol. Immunol. 158:97-129. 

27. Ponnazhagan, S., P. Mukheijee, X. S. Wang, K. Qing, D. M. Kube, C. Mah, 
C Kurpad, M. C Yoder, E. F. Srour, and A. Srivastava. 1997. Adcno-associatcd 
virus type 2-mcdialcd transduction in primary human bone marrow-derived 
CD34* hematopoietic progenitor cells: donor variation and correlation of transr 
gene expression with cellular differentiation. J. Virol. 71:8262-8267. 

28. Qing, K., C Mah, J. Hansen, S. Zhou, V. Dwarki, and A. Srivastova. 1999. 
Human fibroblast growth factor receptor 1 is a co-receptor for infection by 
adeno-associated virus 2. Nat. Med. 5:71-77. 

29. Rablttowitz, J. E., and J. SamulskL 1998. Adeno-associated virus expression 
' systems for gene transfer. Curr. Opin. Biotechnol. 9:470-475.. 

30. Rablnowitz, J. E., W. Xiao, and R. J. SamulskL 1999. Inscnional mutagen- 
esis of AAV2 capsid and the production of recombinant virus. Virology 265: 
274-285. 

31. Rossmann, M. G. 1989. The canyon hypothesis. Hiding the host cell receptor 
atuchment site on a viral surface from immune surveillance. J. Biol. Chem. 
264:14587-14590. 

32. Ruffing, M., H. Held, and J. A. KlelnschmldL 1994. Mutations in the carboxy 
terminus of adcno-associatcd virus 2 capsid proteins affect viral infectivity: 
lack of an ROD integrin-binding motif. J. Gen. Virol. 75:3385-3392. 

33. Ruffing, M., H. Zcntgraf, and J. A. KleinschmidL 1992. Assembly of viruslike 
particles by recombinant structural proteins of adeno-associated virus type 2 . 
In insect cells. J. Virol. 66:6922-159:0. • 

34. Song, S., M. Morgan, T, Ellis, A. Poiricr, K. Cbcsnut, J- Wang, M. Brantly, 
N. Muzyczka, B. J. Byrne, M. Atkinson, and T. R. Flotte. 1998. Sustained 
secretion of human alpha-l-antitiypsin from murine muscle transduced with 
adeno-associated virus vectors. Proc. Natl. Acad. Sci. USA 95:14384-14388. 

35. Srivastava, A., E. W. Lusby, and K. L Bems. 1983. Nucleotide sequence and 
organization of the adcno-associatcd virus 2 genome. J. Virol. 45:555-564. 

36. Suramerford, C, J. S. BarUett, and R. J. Samulski, 1999. AlphaVbeta5 integrin: 
a co-recepior for adeno-assodated virus type 2 infeaion. Nat Med. 5:78-82. 

37. Suromerford, C, and R. J. Samulski. 1998. Membrane-associated heparan 
sulfate proteoglycan is a receptor for adeno-associated virus type 2 virions. 
J. Virol. 72:1438-1445. 

38. Tratschln, J. D., L L. Miller, and B. J. Carter. 1984. Genetic analysis of 
adeno-associated virus: properties of deletion mutants constiudcd in viiro and 
evidence for an adeno-associated virus replication function. J. Virol. 51:61 1-619. 

39. Tresnan, D. B., L. Southard, W. Weichert, J. Y. Sgro, and C. R. Parrish. 
1995. Analysis of the cell and erythrocyte binding activities of the dimple and 
canyon regions of the canine parvovirus capsid. Virology 211:123-13Z 

40. TsBo, J., M. S. Chapman, M. Agbandje, W. Keller, K. Smith, H. Wu, M. Luo, 
T. J. Smith, M. G. Rossmann, R. W. Compans, et aL 1991. The three- 
dimensional structure of canine parvovirus and its functional implications. 

. Science 251:1456-1464. 

41. TsBO, J., M. S. Chapman, H, Wu, M. Agbandje, W, Keller, and M. G. 
Rossmann. 1992. Structure determination of monoclinic canine parvovirus. 
Acta Ciystallogr. B 48:75-88. 

42. Weger, S., M. Wcndland, J. A. Klelnschmidt, and R. Heilbronn. 1999. The 
adcno-associatcd virus type 2 regulatory proteins Rep78 and Rep68 interact 
with the transcriptional coactivaior PC4. J. Virol 73:260-269. 

43. Wistuba, A., A. Kem, S. Weger, D. Grimm, and J. A. KleinschmSdt 1997. 
Subcellular compartmentalization of adeno-associated virus type 2 assembly. 
J. Virol. 71:1341-1352. 

44. Wistuba, A., S. Weger, A. Kem, and J. A. Klelnschmidt 1995. Intermediates 
of adcno-associatcd virus type 2 assembly: identification of soluble com- 
plexes containing Rep and Cap proteins. J. Virol. 69:5311-5319. 

45. Xiao, X., J. U, and R. J. Samulski. 1996. Efficient long-term gene transfer 
into muscle tissue of immunocompetent mice by adeno-assodated virus 
vector. J. Virol. 70:8098-8108. 

46. Xiao, X., J. U, and R. J. Samulski. 1998. Production of high-titer recombi- 
nant adeno-associated virus vectors in the absence of helper adenovirus. 
J. Virol. 72:2224-2232. 

47. Yang, Q., M. Mamounas, G. Yu, S. Kennedy, B. Leaker, J. Merson, F. 
Wong-Staal, M. Yu, and J. R. Barber. 1998. Development of novel cell 
surface CD34-targeted recombinant adeno-assodated virus vectors for gene 
therapy. Hum. Gene Ther. 9:1929-1937. 

48. Zhou, S. S. Cooper, U Y. Kang, U Ruggieri, S. Heimfeld, A. Srivastava, 
and H. E. Broxmeyer. 1994. Adeno-assodated virus 2-mediated high effi- 
ciency gene transfer into immature and mature subsets of hematopoietic 
progenitor cells in human umbilical cord blood. J. Exp. Med. 179:1867-1875. 

49. Zhou, X., and N. Muzyczka. 1998. In vitro packaging of adeno-assodated 
virus DNA. J. Virol. 72:3241-3247. 

50. Ziady, A. G., J. C Perales, T. Ferkol, T, Gerken, H. Beegen, D. H. Perlmut- 
ter, and P. B. Davis. 1997. Gene transfer into hepatoma cell lines via the 
scrpin enzyme complex receptor. Am. J. Physiol. 273(2 PL 1):G545-G552. 

51. Zolotukhln, S., B. J. Byrne, E. Mason, L Zolotukhin, M. Potter, K. Chesnut, 
C. Summerford, R. J. Samulski, and N. Muzyczka. 1999. Recombinant 
adeno-associated virus purification using novel methods improves infcaious 
titer and yield. Gene Ther. 6:973-985. 




RGD Inclusion in VP3 Provides Adeno-Associated Virus 
Type 2 (AAV2)-Based Vectors witti a Heparan 
Sulfate-lndependent Cell Entry Mechanism 

Wenfang ShP and Jeffrey S, Bartlett^-^-* 



Recombinant adeno-assodated virus (AAV) has become an attractive vector system for a number 
of gene th erapy paradigms. However, tbe u^Bty of AAV vectors b often limited by the absence of 

' heparan sulfate proteoglycan (H5PC), the idnis's primafy attachment receptor^ on the desired 
target c«|l populaUon. In order to achieire HSPG4ndependent gene delnreiy, several groups have 
• shotmthatthemdogefioitttnkplsmofAAVcanbeexpa^ 

Ho«vever^ the parameters of tins developing technology have yet to be defined and it has not yet 
been determined iff these modified vectors actuaDy Infed cells via these engineered interactions. 
Prevtousiy we constructed a series of insertion mutants spanning the AAV capsld protein gene and 

. Ideniffied specific »tes that can tolerate the insertion of $man exogenous peptides. Here vie 
describe a number of »tes within the AAV capad gene that can be used for the Insertion of 
integrin^targcting p^itide epitopes. Incorporation of an Arg^]y«Asp (RCD)-cDntainnig peptide 
at these sites enables AAV to Infect integrm-exprasang celts independent of HSPC Mutant AAV 
vectors displarytr^ these pep^de Mgands can be produced to wild-type titer and have been sh own 
to spedficaHy mteiact with the targeted integrin receptors and mediate infection via this inter- 
action. We report sighrficant Increases in gene transfer to Raji, K562, and 5KOV-3 cell tines that 
exptess integrin, but Cttle HSPC* suggesting that rAAV vectors ^splaying kCD peptides may be 
of great utility for treatment of neoplasms characterised by the deficiency of HSPC expression. 
We hav4C also demonstrated that cbie to dM»f expanded tropism, these novel vectors are capable 
of efMent transduction of .AAV2-resistant tumors In Wvo suggesting that they may o^r slgnifi- 

• ont therapeutic advantages* . ' 

IC^ Words:. AAV, vector targeting, RGD peptide, integrin, gene therapy 



iNTRODUcnoN suEf^ lec^rtois may slgnificandy impiove 'Oie xitUity of 
Geoe tKisfe veaon based on adeao^odated vims 

t,pe^2(AAV2)toshawnsreatpzomJsefarbiimangeae . Theimtialstq?sof MVmfem^ 

impydiietotitestabffitV'of AAVZ^diatcdfi^^ ^>eafic piotem components of tiie virus c^sid wdi 

and the emdsncyof gene tzaiisfexmvivt».Howe7er,%v^^ wttiiia a daOuln-coated endosome [5] wbicH Is 

AAV2vectoKSQne£foci5Mlytiansfergen&toaimmberaf ^too^t 10 be mediated by Ae fBt d a c ti on of anotbet 

different cen types, indudingmusdi^ brain, andBvec [1], zc^ton of Hie AAV capsid wltH txJl^ tategdn (H, Once 

thacappeartDbeomditionswMehHmlttiansductionof intemalizei. the viius escapes torn t±te endosome by 

o^erceQt^pes [^Q* One sudiccmditioiL is related to the triggertirg its addii&catjim^ translocates to tiie jinrlpar 

xeqtJiiexaent for bepaxan suli&te pcoteo^:ycaa (HSPG) pore complesc, and enters t^e ctiD nucleus w2iexe subse- 

[3,/|, the pnmaiy attadmeat iccqrtot for AAVZ^bascd quent steps of vtral uncoathxg and zepUcadon talce place 
vectOG^ in oniec to atdneve significant levels of gene 

tzansfer. In tiiU xegEtd^ taigetlng vlias to ahematlve cdl- As tbe capsid proton is tlie sole mediator of cell mtxf 
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and inttaceaular tiaSQtddng, targeting ol leoomMnant 
AAV vectDis to alternative orfhilar teCHptcns can be 
achieved "by genetic modificadan of the c^d p-13] . We 
Iiave lecentljr detomined tbat a nmnbec of legjons wjtbiu 
the AAV capsid protein can l^e altered hy the incQtpoxa> 
tion of small peptides. It has then l>een hypottifisized that 
if these peptides possess xeceptarbhidln^ ^ed&dities, the 
vfausshooH he able to attadx to and infect c^^libcse 
ixov^ Jnteiactians p]. Previously, we have xe-dhected vec- 
tor tiopism to ceDs e?qpxessing i ntrfnlymg honnoneiecq^ 
ton by i nc O A poiatlug a smaH peptide epitope derived 
j&oxn lutnniziag honnone into the AAV capsid P]. Simi^ 
laxly, other groops haveinv t^Ug aifed the tazgeting of AAV- 
based vectors to ceQ-«xi£aoe integrin leceptoxs tllA^L 
seipln lecqrtois [10], amd endoth^ial ceH-^speofic iecq>- 
tois I13J- In f ^rh of these cases, AAV-mediated gene txans- 
dudtian was either enlunced or the tcopism of vector 
-teas expanded to a pze^ousiy naa-peimisstve cell type- 
These accampBslmients x e pr e s e nt a significant advance* 
meat in diefiled of AAV-^nediafced gene tiansfer. However 
there remain a zmmbet of issues that most be resolved 
befbxe tbis tettaujlogy can be embzaoed Jfar vBjdespiead 
gene transfex ap^cations. ' * 

Importaii Oy, it has not been convincing demon- 
strated that iiifedian actuaSy proceeds via the ei^^ 
inteKaction, coxnpletdty independent of the vinis's endog^ 
enous re cqj tD C i fa &ct, in one Instance transduction of 
targeted ce^ls -with a rrtr^rf^f^ AAV2 vector was inhibited 
by cmiipeatj on ^with sdnble hepeizn sul&te ]10]. hi an- 
other instance^ gene txansdnction was maintained in the 
pxesenoe of h^aihi stilfirtae, but the xole placed by the 
targeted lecqrtor in mediatiag tofection 'Was hot deter- 
rnlned tl3]. The ability to oonvinciri^ 'le-taiget* AAV 
vectors to alternative celhdax attachment zeceptors and 
altcoiatlve pathways of ceUnlar entry has yet to be esta3>- 
K^fap^ The secGEBd issue that must bexesolved is abetter 
TlQ^5CT 5^r*«^^g ^'^'h*' "p^^™™ gittv^ xtfitfiin the AAV cap- 
sid fox insertion of targi^rtng p^dde Hgymds . In eadi of 
&e joevioas xepoxts only a smalt number of sites Tvere 
investigated. Furthermore the use of difierent peptide 
fw«i>rrimt in these different sites has made if difficult to 
detexmiiiewinch sites ini^tbe best for any one particular 

peptide hgand. 

Previously, -vve investigated 25 unlgue sites within the 
AAV2 c^std protein arid detezmined which could be 
altered by peptide idseition without sfgnlfirantly affect- 
ing vector titer p], C^utahziug on this previous wock, 
and tiie published repor t s of other grtyc^ [10,11], we 
have Gompazed the best of these sites fox their abiUty to 
support effident assembly and packaghig of l eromM nant 
AAV gguunes and fox display of a prototypical targeting 
peptide on the sur&ce of ^ vixus paiticles. We ba:ve 
chosen the RGD motif as a targeting peptide due to its 
pxovea vr yzvo targeting c^>a[biBties [14-X6| and leport 
the construoion of X4 dxQerent AAV vectoxs comprised of 
capsids contnining KGD peptide insertions at 7 different 



^ fgy within 'die c^«id protein monomers. Fuidiennoxe^ 
we show that incorpoxatian of tMs moQf into the AAV 
VP3 monom^ aHovwd the virus to spedficaDy use the 
RGD-tQtegcin interaction as an alternative infection path- 
way, thadTy dramaticaEy improving the ability of tiie 
virus to transduce semral oeH ^pes, vdiich are normally 
poody Infected by this virus. Importanlly we show that 
BCSO-znodified AAV2 vectors physicalty^ interact with the 
targeted int^dn receptors, both in solid-phase binding 
assays and on the cdl strxface, and that tiiis interaction is 
suf&aent and leqidred fox targeted gene transduction. 

HnaBy, in ocder to pxovide a pxacdcal means of over'> 
coming limltatJons impaxted by &e endogenous vital txo- 
fdsm, targeted AAVvectorsmustbe able to t>epK>dt2ced to 
a>mparable levels as urunodihedvectoz. . In eadiex reports 
there havcheenlaige discrepancies in the ability to mainr 
tain wOd^type titer in taigeted AAV vector preparations. 
Here we show that in addition to pxomoting e^dart 
di^lay of tarjgetirig p^tide ligands, the identified sites 
^\ go aTirrar the xnaintenanoe wild;4ype txtex and vectox 
pioducrion. capabgOiities. 

Resuits 

Geiieratioii of AAV Capad Mutants . . 
It has pxeviousty' been shown that AAV can tolerate the 
insertion of exogenous pej>tide sequences iuto each of the 
3 viial capsid proteins [?]. Importantly, it has been shown 
that the inserted peptides can be displayed on the surface 
of AAV particles and can promote the interaction of tiiese 
viral paxtides with ahemate ceU stszface leceptois [9,11]. 
To utilize tiiese findings for the purpose of letaigeting 
AAV infectioxfy we intzoduced a 4C:KGP peptide, CD- 
CEtGDCFC, winchisloaown to band vdth high afiOrdties to 
several int^griris present on the surfaces Gf manunalian 
cells; into each of the AAV capsid piotidn monomers. This 
pffrrrt \^ taudettalcen in an attempt to generate an AAV • 
vector that would bond to cdls utilizing a capsid-RGD- 
integrin interacttoa as has previous^ been leported by 
Gizod fit aL [11] and allow m to dpfme titie important 
paraxxxetos of t^i^ technology. Based on our previous 
Wttik PJ and the published woxic of others [10-12], we 
sdected seven sites within ^e AAV capsid ^ene into 
■ in^ch to insert RGD-enooding ohgonucLeoddes (Table 1). 
OneatewaswhhlntheVPl unique leglon of the AAVZ 
capsid pro^n gen^ 3 were witbiri VF1/VP2 unique 
region, and the xemaining 3 sites were located witiban the 
VP3 le^oa of ^e ca^d OKF (I^e Ihe mutants weze 
coaa sU acte d In Uie nonrinfectioas AAV plasmid, p ACG2, 
by PCR-based ste-directed mutagenesis and aH were cre- 
ated so that they contained a lestiiction site at the loca- 
tion of insertion to facilitata confirmation of the mutant 
sequence and subsequent insertian ox swappong of foreign 
epitopes, A total of. 14 diffemt mutants were generated. 
The 4CMsD peptide epitope was either inserted alone, ox 
flanlRed by one of two different 5 amino acid connectirig 
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TABLE 1: Oiaracterisfics of mutant AAV vecton 
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A5B4-RCD4CALS 
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CDCRGDCFC 


ALS 


9-0 X 10^ 


A58S-RCD4C 
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A5S8-Ra>K:CU • 


TC 


CDCRGDCFC 


GLS 
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pqytsde listecs at each of tSxe 7 dtSeieot po«ttldD5 
wilfhin thje AAV capdd pcoteizi (X^le 1). 

These adiStkmal ' sequences were iadnded in an at- 
tempt to znaintaxxi fteribffity and pzomote effirffnt fUs-^ 
play of the eoglDeexedBGD. ^otope oji Qie snxfaoe of 
AAV paztides. We hm pievzously shown tiiat inccupa^ 
tiani of these seqaences can sigtoficaxxtiy eohanGe paitide 
a^semblf and znfectioiis titer [9]. 

AH of the mircant c^isid piotdm wete able to efEeic- 
tively assemble and padcage AAV vector genomes (Table 
1). luithexmoze; aD of the zesattLog AAV. vectozs wtte 



mfectiDiiS^ ;^hhau^ thexe were slgnificaxit differences in 
the ol the difGsxent mutaoit AAV c^isids to 

znedlate gene ttaosdoction (Tiguie 1). These dSQezences 
^vetexelated to both the site of peptide hisettion and the 
pKseno^ or absence; of Ihiker sequences flanking tEie 
Insetted 4C:RGD peptide. XnsettKsa of the RCT epitope 
foUowSng AAV VPl anOno add 46, 115, 161, at 459 se- 
verely dxndnlshed hifxtious titer; Howevej^ hiseEtiom 
foUawhig amino adds 139, 684, or SSS were wen toler- ' 
. ated and did not affect tStsr appxedably. hi aH cases^ 
iQcbmon of lictei/scaffolding seqaences resnilted in 
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BAAVeGFP «>aOQ psfU baporkii 




HG. 1. Cmmsduofon ntediated fcy muM 
' tovs. AAVvKtoa cariarning 40IICD epitope insations at 
^«iis Has vvlthin (he capdd pnMESn were Bsnyed for 
thdr BbEB^ to direct eGFf genis transduction in the pro* 
ence and absence of hep^n ftdCstt. Adftnowus-irdieciEd 
HeLa 02 ceUs (3 vvere exposed for 2 h ot 4*C to 
RCOfnmart iMVeW vedtorj orstoodard AAVeC2T vec- 
tor (wnd-^pe) at on MOI of 100 pp/cdL Unbound ^^nis 
waf Then removed, fresh oiedTiffn was added, and ;hecdls 
were ana^)^ by FACS for oCFP expression after 46 II 
>Affteie Mcstedl the >4ruse$ wen bound «o the ceOs In tte 
p re se n c e of 500 hqaarinwl&tB. DataiepfCMntB 
pocent of the ceO popidaSon that ^aqsressed (he eGp 
tiansgene aiy) Is shoMm as the mean of trfpTicatesarnpIeSw 
Ban indicate ihe s&mdard error of the C^^^^ 
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2. SoGd^han Min^ of RCD rouiam AAV i«dtor t» pwaSed 
Integrii^ lodwinal puitM AAV N«ed^ 

IfcCD opsid boural t» assiy p^asss va mnnoUsBd hepailn suttae and 
capsw^l<»wild^pcC&p»»a,AssywM peritM inedinBn^^ 



sligjitljr more e£EUieixt inftctian and mabxteDance of titet 
(Bguce X). We asmme tiiat the incxeases we dteezved in 
infecaop. wete a direct tesalt of enhaTKyd particQe stabfl- 
itj, as exemplified by llieinaeased paitide titer (Table 1), 
and suppoitedliy our pzevlous worlc [9]. In an attempt to 
detenzmie if tiie TnyfT*^ 4C-RGD motif had piayided the 
mutant TectQis ivtdi a BSPG-tndepeadsnt ceU ent^ 
medianisiDtr gene tEansduction assays woe also pear- 
fozmed in ilie presence of soluble h^pailn snl&te 09]: 
•Wlteieas TOctcns rtvntaTrtin^ unmodifiied czpads ■were un- 
able to tcansdnce ftpTtg in the presence of hepaxin sulfate, 

Tfi tiiu i itK rwrtaTmT^ thg4C-RGD ^JtopefoUowxag flTPhlO 

adds Sd4 or 588 were stfll able to txansduce cells in the 
pxesence of heparin siilfetp. These results stiongjy sug- 
gested that the mutant -vector paxtides rni0it be diiecting 
infectiozi "Via an alfw n4Uve crihthir X6ceptor> 

AAY-B.GD Faztlcles Efficiently Interact Tvith Integdns 
via the BOD Tdpeptide 

In r^f-r to asses the obDity of tibe AAV-RGD particles to 
bind mtegdn le ce p tois we employed a solld-pthase HISA 
assay using purified integdn. TMs analy^s cleady 
show^ gyffi fi gnt Vufn drft^ of lotegzlxi to immohiHzed pat- 
tides of A58S40ROT AAV, wiiile hinding of tate- 
grfrt to a. control ^ims was at die badcgzound level at all 
conc mliati am of virus used (Figure 2). Based on these 
xesult^ we hypothesized that AS8840-RGD AAVpaiticles 
are able to inteiact wilh adier ItGlXhindhxg Integdns and 
that this Interaction might be responsible fox the HSPG- 
Independent gene transfer we observed (Figure 1). 



Mtrtaat AAV Vectors CcntadbaingRGI) Feirtide 
Insertions Have an Expanded CeUnlai Tjcopism 
Our next goal was to examine whether introductioii of 
tiie RGD motif in die AAV capsdd prot^ of AAVeGEP 
lesiiltai in aigr changes with respect to the ability of the 
Tints, to Hff^ different cell '^pes. In order to Investigate 
tbe enny pathway utilizBd by A5884C-RGP vectors, we 
a^«ji<fte d gene transfer to ceU lines expressing vazioos lev- 
^ of HSP6 as well as iirt^dm c^^3 aiui cx^5- The paiieL 
of cdl Snes we used included human Hela cells; KS63» 
human chronic myelogenotts leukemia cell^ Bajl, human 
lymphoblast-hke cells; and SKOVS, human ovazSan ade- 
nocarcinoma celK IVhile HeLa cells readily support AAV 
in£^onirK562, Eap, andSKOVrS oells are pocuOy trans- 
duced by rAAV vectors p,2^. Our flow cytometry assay 
showed that HeLa ccHs e^qpress hi^ lev^ of HSPG and 
a^s int^dns, whereas aj^^ integrins are ixoody ex- 
piessed (Kguie 3). cells demonstrated low levds of 
HSFG expfessloOr no expressioxi of clJ^ integrins, but . 
hl^ expie^on of e^^sistegdns (Figote 3). 
and SKQV-3 cells expressed little to no BSPG, but ex- 
pressed high levels of both and ot^Ps zntegrins-Thfixe- * 
foce^ for oar subsequent gene tiansfer expexinxents we 
established a set of cell tines coyedng a range of HSFG - 
expression profiles and wi& moderaie to hi^ levels of 
and mtegdns present on their odl membranes. 
Aithou^ XS62, Baji, and SKOV-3 cdQs were pooify 
transduced by AAVeGFP vectors ronlaining wfld-type 
AAV c^sld proteuQu Ihey weie ef&dendy transduced by 
the samevectorpadagedhito A58&4C-RGD capsids (Fig- 
ure 4). The e£&ctency of eGfP gexie transfer in! these cdls 
mediated by the A58840-RGD capsid approached dsat 
observed in due HeLa cdls medl^ed by the -wild-type ; 
caps^d (Figure 4). Furthermore^ our expedmerxts xevealed - 
striMng differences Ixtween the transdnctioii profiles 
denuxnstxatedby these two viruses CBguie 4). Gene trans- 
fer medSated by the RGD^ojitainrog pardclcs was 40-fold 
^is ^hAr on the ct^K 13-fold higber on the Baji ceDs, 
and6-fciSdlnghexontbeSKOy-3 cells, than gene transfer 
mediated by partides with wfld-type capsi d s. These exper- 
iments clearty showed diathicoxpoxalioa of the 4C>RGD 
e 0T opfs into fiie VP3 monomer of AAV2 vectors resulted 
in dramatic changes in the initial st^ of vltui<:e3i jnter- 
actioga, presumably by creating an alternative oeDOl attachr 
ment and entry pathw^. 

AAV>BG0 Vectors Demonstrate Increased Efl&riencies 
of Cell Blndix^ Xhie to Utilization of RGD-Int^rin 
Ihtoactian. 

Having established that A5884C-KGD capsids and wfld- 
type AAV c^sads demonstrate different ef^dexxcles of 
gene delivery as weU as diffeient profiles of HS-mediated 
Inhibition of transducttav our n^ task was to compare 
ihit cell binding pzofiles of these two viruses. To address 
tbis issue, we blodeed virus binding to HSPG with soluble 
heparin sulfate, and then detected surface-bound AAV 
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" ^=lntegrin — 1 f HSPG. 

Pa . Ps 




BC. g^lntegrin and heparan sufate p catfco y >yon(HSPQ KSG2^ Rap, HeLa, and SKOV^ caD tines. E^qaresaon of ct^j J^TCegrtn was detennlned iia'ng 

LM^09 antibody^ whereas aj^ expesdon Wis d^aniined tiang P1f6 antiboc^. KSPC exprestian iwdetsnnned tisaig HepSSO monodonal antibody. In ali 
ffise^ scdond&jy FrrC4abeied and-fnouse antibody 
RepvBsenctthiB hbtt^nvns are ahuvm. 



usiog the axLti-AAV inAb, A20, and PACS analysis. As 
sliowix in Bgure 5, AAV compxlsed of wGd-Qpe G^sad 
xQXtncmios Is not able tobtlxid HeLa in t^^ 
liq>aiin 5u]&t&; However, paitides canhrintgg A58S4C- 
KGD c^sidpiotdm were stIU able to bind cells in 
the pieseace of hepann, and ft Tvas not imtil these cells 
"wnere also tipatpd -with, synthetic KGD peptide that bind- 
ing conld be complecety xnblbSted. Smce the KGD pq>- 
Udes cocOd efacientlj block bSndin^ these data fdithci 
suggest Quit A5884C-R<3[> capsMs a» aiAe to me celli^ 
inttgdns as alteznatxve toctptm duzing the cell attach- 
ment proccsss. 



AAV-RGD Vectoxs aie Capable of Mediating Gene 
Detivexy vaa Jnte^dn Eeceptozs 

Having estaObilished that A58&4C-IIGD vectois were able to 
^>eaficall7 bind integnns in both solid phase and oeU- 
binding assays^ we next utilized these vectoxs for an assay 
based on competitive inhit^tion of AAV-mediated gene 
deOiv^ by soluble hepazzn sulfate, known to ef&dently 
block virus bindixxg to cdl smface BSPG- P mtherin ote, we 
utilized a symhetic HC^ peptide and anti-intc^giin amt- 
body to see If they could also inhibit infection in the 
p re s e n ce of soluble heparin sulfate. As shown 3n f Iguxe 6, 
eGFP esq^^tession in HeLa cells mediated by control vnus. 
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FKL 4. CMtoanaducsron n»dfStKl fey ASSMCACS imibnc 
AAV vttSor. VeODS dispbybig 1h« ffnodf Km vi 

ihavued ftbiD^tornediaCes«i^mtfferttK56^ Ra^ and 
5Kaw^3 cdls. Cdh w« expoiid 4br 2 N fife 4*C to dther 
RGD^uiM(AA\AAS884C-RGIVeCFP) OTjOpdard AAVeGFP 
ve^lar (iwUd^^ captsc^ at an MOI Ckf 100 pp/celL 
vims w» then removed^ fresh fnscBlHn was addod^ and M 
c£B& v«ere m^zad toy IVO after 48 Data iqirtKflb Ihc 
pOTtxit of ttj^ocB pcpufatfc-t that «fHF\w d tha gOT tntf»> 
gene and b tfwm IB Ihe mem and standard dcnitb'm of 
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HeLa 



HiwOd-typd capsid 
aA5884C-R6Dcapsid ^ 



4 



KS62 



SKOV^ 



AAYeGIP ^th a T^Hd-type «apsid, was effideotiy blocked alx>ut 20% of A5S840RGD capsid-mediated eGFP ospiesr 
lyy soluble hq>aiin sid&te^ to ma^ed cantiast; tiie same ^oca in HcLa cells, thereJ^ Indicat t n g that ta additian to 
cQDceatiatlon of licpam sulfate was iblc to block on^ the wcE-<haiacterized ca^MfcdrHSPG jntezacdon utDSzed 








ttfe abssA&fe of cottlpetJtor . '+-60.0 pQ/m\ heparin suTfecte 



.500 pg/ml hieparfnr.^'lfate and 



HC.S.>iSPC-|iiifc|*nd«BtWnd^ BrA5a84CIOT 

OCCeccBd by aarana w»i aoJi-AAV /aK> mAh and KACS analyw*- Mtosraim ftom rq>re5cintaeive expsrvncnts ore ahcfwn. C«J BiwJsig of yM^fpt AAV 
psviido ID the eAsuite b MbhBd in tiw pie^ 
Inhlhfted In the preseiKeol heparin aufete and not coiT^ 

with bound AAV partictebMiMBd^beNetfMnishignc^ ' 




♦ • - - - * ♦ - KGDpsptida 

.«*■ - RGEpeplidB 

- • - ' - . LMSOS.anBiody 

. - - Control anSbody 



F9G.6. JfeCDiriuCantvcciiM anuseaH54nd^mdentp4div^ of Hela vfls aral m jpedtoOy tatsctcd tointEgiin i w.qrt . u\ HeLa ce&x Mteie 

ei^osialfGr 2h at4'Cio ^tm-ftCD-nnnaaiL^^P^-^^SSSMC^aSD^ at an MOI of TOO pp/celL Unbotind vins 

'MnBB£vvmbcnindmtheoels1br2hM4*Cvitlia|ifesen^ RC&peptfd^ and/tf 1 200 

rife fl h wfc otftrtMiftejiUi oriMJtypB^naUihcd cpfittolftfWttm^fcPai^f'epmtsii t stfiBiPcamand ttafwtott dtewBtSoftt oftitpBote expui iiMflit^ 



by -w^d-type AAY, A58S4C-EGD capslds are capalble of 
•usSrn^ an ahemalivc^ BSPG4ndepeade3t odl entiy paili- - 
wsy. We ssame dutit tlic poitial iprtnrtfqa In ^e&fi tsans- • 
ducacia observed In the psesenoe of BS Is due to loss of 
the IJSPG-dependent cell enny patLivray. The cbntiibu- 
ticm of the ahecoative pathway of cdl entry was quite 
j^gnifirant accomrfing fog eatty of approxlTnateTy B0% of 
total tcaDsduang vector paitkles. To assess tiie ^pedfidty 
of tiJs new iateta ctioii iofections were jK*ifftnitf>d in tfak 
pcesence of either excess £cea RGD peptide ox aotl-tafegdn 
sQtibody la conjtmctlon vnttli solsble •liq>atlii siilfate. 
Boilx of ^ese coni^peQtara Wexe able to 
AS8840RGD^e£ated gene apxesAcm -vdien utiHzed in 
omjmulioa'Wtdihfipaiia snl&t^ Tvbfleno inhibition T^ras 
obsexved -wtdt omtnal SGB peptide or isotype-jziatdied 
control sntibofy. "Utese data demooistxale the spect&dty 
of the engnerod jnteractjon for ROD^tacUng mtegdns 
esqpzessed cm ti^ cdQl SGofaca (Bgute 6). 

>&itairt AAV Vcctois Contaiutng RGD Pqptide 
Insertians Mediate Enbaoaced its Vfvo Gene DcHv^iy 
to SVOV^ AdenoGascinaciias 

Having established that AS 884CrRGD vectors were aUe to 
taiget mfectionvia ceD-smface Integztaxecqytais andme- 
dlate efficimt gme tzansfec to SKOV-3 0^ and other cell 
types that wm. pooity transduced l7y unmodified >^V2 
ve ct oi s , wc next atabzed these vectors for in vivo gene 
transfer to a mmine model of ovanan cancer. As shown In 
Hgute 7/eGIP e:qicessacni in peEtoneal SVOV-3 tmnozs 
medrated hy comtiol ykm, A^^TeGFP yii&k a vrUdr-type 
capsidy -was Inefficient when assessed 15 days after vector 



adrnbdstradon. la mailked' contrast; the saine dose of' 
AAVZeCSFP vectc»v0itli an A5884&ItGD capsid was murii 
more efficient, andtransgeoe product could be detected 
in essentially an tumor 'by 35 days i>ost vector ad- 
TnlnlfgtratiQDL Th^ e:^>etixQents deaily shovr that incor- 
poration of the 40RGD qntope into the VF3 monomer of 
AAV2 vectors results in dramatic changes In the m vfvo 
gene transduction potential of these vectors and greatly 
increase their utility for. treatment of neoplasms c^iaxac-^ 
tenzed by the deficiency of HSPG expressxon. 



Discussion 

AAV vectois efficierKdy nansduce a wide vadety of cdls. 
Howevex; it has teoeuti^been estabUshed Jow levels 
of HSPG^nediated vector binding liznits AAV.transduc- 
tlon of sevezal important gene thers^ targiet c^ [2,22- 
24). It Is also Iflcely that other^ yet unchaxacterized, cell 
types mayhkeiviselacksufi&cientlevels of HSPG to permit 
ei^dent gene tzansduction. The significant Increases in 
transduction of cells laddng HSPG shown here demon- 
strates that genedcally modified, tiiget e d AAV vectors 
can be sucoesshdly used to expand the range of tissues 
amenable to efficient AAV-^edlated gene therapy. 
In this study we descrSbc the genemtion and ^macter- 

^O-RGD epitope Insertions Tvtthin I3ieit capsids. Ihese 
vectors weie cans tnicted in an effort to reocmdle previous 
zepoils of the genecaslon of targeted AAV vectors, identify 
optimal sites for p^tide jn^rtiOfn, define the zeceptoz- 
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RCL 7. Gene transfer to an orthotopic 
moddl of peritonea? ovarian cw 
CBT mcrirated by AS8MC-KGD mutamr 
AAV vectDT. Tumon cstaMsbed by 
Lp. injccfioo Cfl X lOf SKOV^ aJh: 
FWft <fc^ tear T X lO" DRP <rf dxher 
AAV2-eCR (p«wfa A. C and ^ or AAV- 
A5684C-RCD-eCFP (parab B, s»nd 
was ddmlrjisteced Lp. To detamlne tf>e 
efiidcn^ fl# AAV vecjCorHcnaSated eCP^ 
ocpfesdonin chetumofi; rntcewereac- 
rtficed on<tay¥l5 CA«^h1 BX 25 (Cand Of) 

«o«v Tumor nodutei were d^uBOEd and 
uttrnuR05Swung.for«C7P«(wperfbaiied 
on 4^iijn pdf uCj] > wJtrt>m countgrgalngd 

40RCD mots were corvffdeaWjr more 
cedent in rpedladng gene mn^ 






l)in<I3ng specificities of ttieseveclais^ an^furtlict denxon- 
sttate tiie titmty of peptide iziSGEtiom foe ta^ 
▼ectozs to ligand-specific xeceptozs. We took advantage of 
the "weD-charactetized interaction between celhilar inte- 
^ryfi and vTOoul protdxis cantaiiung RGD tilpeptides. 
* This inteiactioxL plays an iu^xtant lole in a sanely of 
fundamental trfologjcal processes, irrrhirtlng ceQ adhesion 
and viral infection. Foithezmai^ integrin expression is 
activated in a wide variet7 of tumais pS-29] and target- 
tog AAV to tiiese xcceiptoxs might allow ttie specific deliv- 
ezT- of a gene while avoiding ddiveiy to surrounding 
brahhy tissue, cazodetflt. [11] zqpoxted that genetic in- 
cotpotadoti of RdXxmtaining sequences jnto AAV2 cap- 
sid protein expanded tcopism to pieviotudy non-pem^ 
sxve ceQ types. Srmilaily, recent studies have shown that 
incozpoiation of RGD-^epddes into Ixuman adenoviras 



fiber piotEiiis permits spedfic int«:xaction of tliese vjial. 
pattides with ceiQalaz integilns and infection of target 
ceDs via Hiis nrteractloxL C1^4Q> 

We consttacted 14 different KGD-capsid inseirtlozr mu- 
tants and showed that these nnxtant c^K^d^motsizis could • 
stm assecoble into AAV paitidLes and cffidertfly' pa dcage 
TccDmbinant AAV vector genomes. The crystal structure 
of AAV2 has lecentily been reported pcj- The core struis 
tore is a ^^Tarzd moti^ consisting of antl-parallel ^-sheets 
vlth interspersed looped-out domains. The largest of 
theselopp^ is located between p^eets G and H (fSR loop) 
and contains *ie majority of sites that have been shown 
to be ^rrnttnoMp^ to manipulation Hie optinxum sites 
fox epitope insertion appear to define a subdomain within 
tins loop on the basis of smface es^suxe and local stxuc- 
total flexibility. By using an HJSA-based binding assay. 
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^T^mBAFY vcL r» No. < Apii 200S 
OsiyT^O Ihe An)c^» Sm»^ o« CmTtomiy 



"we ihgn able to show (Bxect intexacfion of RGD- 
xnodlfied "vizal particles wtii piidfied integEln oj^^. Jni- 
thezmrne, we veieable to show that these modifiesd AAV 
paxtides wexe able to bind iuLegiiu reccptois on the sui- 
fece of appi o pii ate tazget ffB y and itHlize ihls inietactkm 
for ceH eatx7« thes^jy s upp o a ti n g the concept of ang- 
mented eMdency of txansgene exptesion. as a result of 
xnoie~ef&clcnt prtmaxj intSEadioa "hetweea the vjxus snd 
the target cell and specific targeting via. an ahecnatim 
ceUul^ receptor. 

The modified RGD-corntaining AAV sectors display a 
^l ^ f^i^-nrr ty iHffrwmr pmfilf^ of gt»ng trarLsfgr omnpared to 
vectors ivith ixomodificd capsld. This difioence was 
e^iedaDy dianatic.'Bi^en HSPG-negattve cett ifaes were 
vtHieed foe geae delivery expenmeats. . Targeting gene 
d^livczy via the RGlMntegtzn iateraoiaa also demon- 
stcates that attaclmieixt via ESPO is r^ required for effi- 
cient transductian of ceDs by AAV. A jMVioos atteznpt to 

t-a-r^f ff A A'^^'^IT^ pfp**«" ^yr tirm n(f a .^erpm TeceptXtf 

ligand showed a cootinued Qejpep d en ce on HSPG pLOl, 
v^ch was not obseived in thds study. Ttansductian of 
rec^tor-hlodcedHdU ceDs usibog soluble h^aiin sulfate 
and RGEMaigetEd AAV vector was neazly as efficient as 
transdnction with un-modified vector in ihe absence of 
< Tjmj - j g ti tnr- Tbezefiose; in the absence of HSFG-mediated 

YiffTii^TOg^ fh/> frorK/inring artrtyffy ftf ;in AAV paftftfle U not 

C0!SQp!K0iD9lsed by attaciiiQent v)a an aUfw^itw zeceptor, 
ALthou^ seveial oeQ ^pes may ladL HSPO ^xpccsOaxK, a 
nixmber oltisstiesaiekiuTwn to express tiie AAV recept^ 
Thecefot^ the eSdent targeting and xestricilon of tians- 
dooion to apazttcolat odl type or tissue will necessitate 
AAV vectois that lack HSPG-handlng actfvlty. It wffl be 
impQitanttodeteEminethelev^ of HSPG eoquession In 
Tixtqif^ targeted for AAV-mediated. gene Iheiapy. If the 
levels of H5FG cTtpresdoxL are low> using AAV vectois that 
have been engineered to intsiact with an. alternative re- 

. o^taris]iM7^ta£zeasetheeffiden.cyand9pec^ 
•gene transfer: 

RnaiSy, we haronsiedan RGlMaEgeted AAV vector to 
assess gene transfer to a stnogoit oiQiotpplc muiine 

. znodd of ppritoneal bvadan cancer and show significant 
ioxprovement in gene transfer ef&rlency. These results 
suggest that AAV vectoxs paidcaged into capsids oontain- 
xng VP3 4C-RGD epitope insertions ck>uld be cfitective 
agents for the tieatznent of ovazian cancer and other 
cancels charactsxized by low HSPG axid modeiate RGD- 



Materials and Methods 

GdOEsoiMl tissues. Icr^ ^j osa ^^iimsibnfpsaeifftvatti^ 

criH CLTLHcIa aadHda 02 cdls [iq -wae gcown bl PxiS»e>ce>r/s 

modtfiod. fillers - nyw^^^m (dmeuo s^plemented mtb. 10% heax-lxiacti- 

<vsted lesal Ixjvliie sezum (FBS), pPTrtrfflin (100 V/iat) and stte ptonayc ta 

aOO U/iD?), at 37^ aiid ^ COi. ahaaawi lym^W)b)M^^ 

and KS62^ a ^^'Tnan thiooic s^tlogenmu leukanl^ cpfl Hne, were 6b>- 



and. grown in BFMI 1640 rocwtotng 1096 IBS. 5KOV-3> l1 
■r^Hnrwun cril Bna^ waa aa» nhtataed fann ATCCaad ytOna in DMSM 
omalzilng IOMlTBSw 

RessdcHon ezidoxiucteases, T4 DKA U^aae, BattmuD /i^ 
polyiBeEas^ tezooase and pioai]Ct>9& K "woe puxcbased £eom. Ufie Te^>- 

XbnoctoiMl owtgwdto. APd^i^ 'totegla mQPO<3anal antfbod y Uvi609 . 
■twyi aTiHiH fij . iategtzn ntdDodonal andboi^ itfcn pmdtkftsed froncn 
Q^enmxtn X£ifian&tia&^ Inc. (Temeaib^ CaHQ. And-bactBiial ^^gibcto- 
^dase iziooodonal Andbody was used as an Isocype-maKhcd (IgGi) ct>i>- 
tmi arret «Iso porchwed torn. Q^emkan. Anti-buZDan Integtxii 
jy^^typ^} azxdbody VNIU39 was piacbued fim life Technologies 
^wm^>«^ MP). AftfiAgpam gdfater pmified mouse Iiai 

antibo^. m piodisaed tan SeifcwBalM Amedca akaoutii. MA) and 
HTOtibek^ a^ioda^ goat aattimoQ» IsP* CB L) utfbod]^ 'nas 
t^ned &Dm ^iber ClKanacDa at Vecftat labotacosies (purHngnn^ CA>. . 
Anti.AAV7. mODodonal antfbMt^ ASO was dirtahied fiam Amedcan Xe- 
geg^fapdact^lDc (IWTTwmr. MA). ' * 

JEUSA. ?naHrrTr*P* tAadlsg assays -weEe parfnnnfd the fio310iw|og 

of ^MnyiaiBdbapada in raST (piOS% TMeen 20^ 02% bovtoe senim. 
TiiH nmiii (^^> owml^ at tfC ThenreDt ^gtttt Qm wnbod ftPtt emtf 
>^ wastk goffer (TBS oantatnteig aQ5% Trrtcik^ ftdd ai96 2SA) and 
. AlLVpaotides woe bound at xoosa texspenozre (B3) |[s2h wizbgendfi 
g>H>irtng- Ihe E^att i^ea y^sjtted five times -wtsh waA tTuSKr and • 
ptw4fiarf witT-g tm <fc-fij ^ QieLijioiiJ I in Wndfay buffer CD niMltis-HQ. ISO 
ziiMMM:^ 2 aiM CiCV, 1 n>M MgOt, 1 ^ >fiiC^ 
7^ ««as added ta e«db wdl at a caoncxxitzaalDa of 1 lifted. Ibe 
it^w^i* oftt aight at 4*(; wadied- tfaeee itm«s "Midi i«as^ Vaffa and 
tncotatitf Mdi yHUS9 mAb (GIBOO^RI; nnU^sabuid^ X200O dSo- 
tlQD) tn 11(0^x19 iMiftefiDx 2 b at RX. ilieplaxes weze Oieo wssbed five 
nm»< abd w^TTjixtwl MSh. seoondax^ ftDfSbo4fy QIIlP-GOQ)ngai£d azidr 
HKMBC fox 1 h at RT. FoQoydsg a final wash ELSA plasc was 
dcvdopcd vddl AKtS suhsoaia sojxidoa and VECIASTAIN Idt C^cctoc 
. Xa&DX3to0es(^ as seconmieDded by die znano&ctuicE; Color devdqpmeat 
' >«u Stopped b7^addtt|pa of INE^SO^ and vlitt'nmxttd 
xeadec set ac 405 mm 

CmtncctM 0f reemaMnoHZ ge cmuWiw ut 
aaV cum UUCP enootfing capnd ptiji etps w))2x jnsezted 4C4UH> p^dde 
eziiDpo wixt K ro na*'**^ is desojbed pzevkmsly ^.Bdafiy> DNA pzimats 
wide d^gaed ««/^rvtoig- tiie peptide sespBoat and Tsed to dixect PO^ 
based maBtgeeisBi ogptoaadpAOGZ [IS^.mspteiiddcon&lPS'digMV 
.geooQte, les ibe tm vbal iSrs^ aad «a AlG^tONACG matadon of die 
B^7S/6fi siait GDdon wbft^ liasbcea shorHU to tnoease ^AV vrsnx yield 
by attmnatlng Bi^Q/Sa synflbefls (iZp). In. some a d ^ nnal 

Th m seg^SGSces encoded ttnta^scB^tBD^ scqtiesces oo eSfiiee Ude of 
tbe ItC^ ^itD^ Insotiaa. Ibt fOL pxodocts wese digested vddi PpJ/^^ 
fTriimirlfnn* ^ ^MTirt?**** *^ pawmmi pTaCTTH«< t#Tnp\a»p andwcnpzop- 
^Bted la XXfit^Sa t»£3&zta CLi£e T^cbnolo^). lifiznpsep DNA) ^fese e»> 
•■»<*»d fi rm amjrfrTn tn ro l faWit ^^^^ft* Affd wfeflft saeenedby restrtnlnm 



«9riott. BecnnihtnaEit AAV vtcttic AAVcGFP, ron.fn!Trmg the enhanced 
gwwm SuDRscent pzotala gene (eGPI^ dztven by the bmnan.QfV IE 
poooDOta/eobBQcei segfau pactagpd toto "pdlA^fpc AAV2 ce^slds was 
pif ^ i i PfiH |]y tqp}e4zaii&tedoo as pceviois^ dfVTlbffd [9]* 7b piodiioe 
rAAV widi BGXVoQSKfaaaiag CBpdd piotEto^ 293 cBSt vrm .luu&TeUed 
^iMinBrtart pACGT pJa^liH awptiqaad as described above, to glace og 
ywwmai pAOG2 jp^ TO?^ ItanafecdaQs were cardcjd out at 37*C umg 
grwvtnm piio^baiB tnnsfbcOoB system (Life Tedmologies) aooon&xzg to 
tbe naauaenirer's speoaanAons. Forty eight homs alter tran^frmon, cells 
were h aivehna i by czntdfqgaOoD atSOO ^ g for XO mfn^ resus^endcd In 
PBS, and TTCcmbinantt vkus was z^eased by freezing and thac^ias 1hi«e 
times. Ih« CEude ^psate ^vai *^Mf-fWi ^ cpptrifngarton at 500 x gfoc 10 
nrin and t»e>ted wMh b ffn/nnOTP at 2S0 U/ml final c on aa a tuttoa at 37*C 



Ma(izcnMai:rteRASYVBlL 7« Hd.< ApvQ2D0a 
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bepadn rolfateagngiy rhrnnwrogE^toy pH aodrtOBEed at -ZCTC to PgS 
^rmiMing 2096 glycEML Psinlcic ttos woe tognrtfnwl by EUSA. and 

mtofid gene ixaiisAKiiOT assay oga 02 calb to 
adeaovlras TTp^ (AflS) 2 liJ/oea M d£saibed"bc3pw; 

Pteiv qrtonutry. ?or anai^yas cf littCgatt e^m ^fny afllwwnt Chirac 
t^yacA ci fmm cBHttig ^aato by t ti p adfflri nn Of EOTA and M tynde d to 

aocdbaibyDBtttdfir tfoL [16]- GefiswcA io oi l wifprt biie 0y at S TC to 

IAIfi09 antibody, PgHICjabdedlTOanti^ 

^ — ciwi fewi tfmg^ wiih SkflwiEEet andan^tiiapdby flflWT syL/n^etiy at 
rwi w Wc Pi^6«ifiA iMtttnte CeMLMamhotogy Coape gatfdiy> Rir 
«s[s of HSPGe3qicesdaei,2 X jtf odis w« iooAated anti4aSPG 
WiBodopl antibody. H^pSM, at a dflaaim of li200 fog 2 h at 4*Clhg 
ceiDs woe tbca -wa^ed ftpe itiiws ^wMi 5M Iwflfce and teatated v«a 
ITlC4abe3fid jMtanii-moosc senna fiw 1 li at4'C TUa oeils 

.T.,^ *»w»o wnhtA A SM Inaffix tod. atmlyBed by flow cytenMaryi 

w« seeded In ^^I^aisstbe day bdEbalnSMt^ • 
react! ato«t 7S9fe conflnMua eg aboacS X 10^ cdls/tnlteinatday, SfiOal 
<QDvtjtoa of wfli^yp* AAVoGI? and aStasnxaiit AAYt^fP 
aditedto cans >^ch dsenllci&ciedwztk Ads itanMCHaf 3 
iu/c3dL Tba odU at^ vJmiej wem InmlxnFd at te 48 Iv after "wtdch 
tinM: 8i& ncAa ^fasnmbved aiMl itic ctSbwclse wasii^ 
. fixed, aod 24)afy2ed (3P SEDfi tzansd^ 
pDoeoted as fi>e peiceDi^ of trairtrtnrffrt cdis hi ii»c cdi pgp^^fa^ 
. ixrffected at tia& Indicated iwrtide aa ii lrtliTriy - J* '^"^'1? * gaays -weitt 
also caixied oat in daft abj«ooa of adeaowtais wifti llO differeaces in tiM 
jfjj^^y^ Ijina of jpMTifnft. 

«ienlziaihatedwitiltatgetcEnsat4^1n"aicpc«eoc^ 

m frff^^ «ft f«nTtf«w> nrihcmnd -weettir aaul jptiibated flpt 48 b at 37*C pito 
• to detgantegtian of gene t on i ^irffon Rar dfl ri f i i 'ii Mlte O Cflt ]^CP"d^qi- 
dcaxc geoe tsansdooion, xAAV -veaos we« innttat pd w tQi ^tfaa S<3V 
peptide ^CTS, Sisnw ZOO Iti^ipejpdda (^CTS^ S^m^ 200 

• TTiT)^ anrfa nTggrtn moDorininrf aDtDaody. gLM609)^ ttf teaiypMnacclifid 
cooiiolamlbody, Jta addition teb«3patia ailfa 

. G0ltfiv/»«» hin^Ujig a^a^ -wera rcsosptoded ixx Wr t rttrxg bufiOCT 
*v^>*^>»"<"r 596 FBS »t offlrpnn^on . of 2 X 10« p« «»L AAV ^^"^^ 
(tEhcpaiixx sulfate, 300 mgftnp wctk added Mid innibared -wddi dift cdb foe 

* 2 h at 4rc; fld!* -weBe ifaak waidied itaee times and fined wjtli, 4% 
paiafcamalddxyde fix X5 mln at nxzm tcnBpetstsutft Tba cdls '•"^ 
blockedt4thl096b»aai]maDd0.05KTweeE»^ . 
-svtdt A20 aoflhAAV mAb for 4 b at tfX; «ad tiun ivldi HlOiabeled 
ICemflgy mTftTfMtf tn FPT ""Tg " T^wi^ and. Q.2»6 BSAitac 

lb at BILitffes a final waalt'^cdlsvreieana^Siaed by ^owcyiuii^ 

Ovtoriom ciMf UJwma . mo^Xe^ imiwoMisla&iinff Wsft^p^^wJqgy- OX7* 
SOD mice Oi= l2mioe/gKwgp) werejnlecbedwidil X XO' SKOV-3 cell* 
t w i f ^j j ^ iitm ie^ ^^p.) cm day flL On day S. adcft were >o|ected Lp>> vrtth 1 x 
10^ IRtee«^lsiaitt ^aAklcs ef AAVZ^ciGEP^ itOD^tiiasi 

AAVeC^ (AS884CitGD AAVeG^, a? no vbns^ Tb dcTccmrne tbc effi- 
ciency' of AAV 'TOcan^tBedtated «GEP e^piestioa tn tmnco* t» o^oa 
v:^QsM'^ffXM^mKvxaa&ssAo^^syt'iS,2S and 40 afto vec^ 

g>>twt*w Wtw»i ^ TTTwrwyriogt aft^t^ far gGg was pKliLtt^ ^ 

fln oi^rtTTc, JWITfwfr^ ^q mtJifWuliM Bgn andbtotMny of CttdOgBDOUS pq*- 

oxidases^ iOdes wete beated «K X b at dra 190l7Br ift (atnt^ 
secovaantisBL Secdeoft^wetetbrnbloclEelvd^ 1096 d^ 

jqj) ^ 12-18 b in abaooidifiedcIuoDbeci^n oqritvaleat oo&ceairadoo of 
rabbit oscd as a xeagent aegaxtve conool on ta atrbtng sectioa& 

BktiBTiaCEd acoodaiy awrdbod^ (Goat anttiabtet Veciot labojatoties) 
■was applied to dxe sUdcs fox 1 b at xoani tempeiatBie. SecAoos 



toaibated ^ «9ldto-pem3dda« compte CVecmt Babbit Hft eABC 
lo!lo««iag ttie aMnfecamers iustnicitons. nther dtendnobOHBdlap 
flOAB) or 3^nlDO*9«ib^axbaaolfi (AEQ Tised as cinosoagew and 
cDttBtmtaJned>^ bematoxylla (Vector 

dtsfied Mch TyleDe and mounted (Pecmoant) beftwe g nrmlnati cm on a 
Nlipn £600 nnoosoope- Repirwnfertirc images -wae oaDedBd -oOBig a 
tttecvideocaiiMfa. 



AOMOWUDCMBm 

tE^md omsftznae m AA V -rcslor froAacsfcut «id fitewtf- TO» wo* iwtf. 



RECaVED fOR POBUCATIOM SEHBiffiER 
30^2003. 

Uai fita*HK«mir <^ Huoini C«« n»opr Rtetewnn, EdO, pp. 13W 72, CcW 

StartwHidxy UUf i ^ l w jr P>«m ^ CoM 5pfto>9 Mgfaor, . ^ • 

a, Baifiiit f. lOaiiidlfrtWt U Bouehtt^ It C. a^ 

3: Bwtett wsttB^ ft^ «id jS»^^ J. 

v«!Dwa./WrBL4«slOIH-W12, ' ■ ^. , ^ ^ 

piDioivriib aanism aiipiBte in htfm cab vhm Bid iR^ 
& HaRm; C U Afcrtndw; U A^VtfblgsmoV C M, and MOfiTr. A D. AdaN>- 

7. SUow»«a< C» and SamubU. IL |. MdrbranMBaXWD- heparan aiilta 

t445. 

m P, « pOMJ). MiiaOcMwl airaJ>a^ the ade^^ 

^^Y "" 9CM and; «B«tf9uetfon of Am vedteo stoeicd trcpism. 74s 



13; OiftnaivlMUi*otCa001)»hK»ip>ntiaiiirftliBfWf^^ 

to honw waiar mitom«flaJ Cdl* Mfi 17»er. * 1 74-1 81 . 
1A V>WShan»,T.J^ etat (I?^^* blTOsed n tilio and tn vho gene transfer^ ftaenovhs 
wiDP gpoaSrtng d<teDflfc«ier prPteftag 71: B221>ga2 y, ^ 

im vgeteNwwifated y3 > e uiatrf e i Mtd wpfgdoo In hun\8a caxo»togL ^ On. fruwat 
cnfireos e^Mded VOj^ ^ utanftm of a coxsadd^^ 

CbiV Voul9»r«pOutalk *W )ohnm r, A cell Bne caroms 

ftdtfO^^usJndkuUe BAd op 9V*> aDows ferinfaOrn^litieaOon of adencMBocS- 
aM Vina; vcean. C»K llMT 3: 1124-1132. 

Mjoctotrf >^ vetftcds in ahseiKi bdpw 

U» U Samuhki IL U and ;|JS«, X. p R©l« ?o>' Nghlif regdated i«p 
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ZL ZolatiiU)bv 0999). ftctumlAiaA >daso«aneiBEtf vbuf ptDiffcafion ttfing hqwcI 
intfltodb fOftroMS MlealfliB mar ar^ 

taMon by adeno«8edaiB0 vSfui 2.M0t Msdl & 71-77. 

prtRiaixhuiian tmc ri«aiiiw»detf»til CZSS4^ brniatepoiefie piaga nto rctlte (tenor 
¥Bnsiiim«nd ccndaSoti cf tr«&4^eC9ipRS^ 

2S. Abdtfi^&M^erol 0990V tntegrmffiSDSbuEioa In mdmemK ossedstfon 



7L OJiijuiw i d^ , UAfedtt^5.M,»Mgct»5;A^andHijdcg-A.(19^P«flribuflcmBf 
tan^ CCD varNSton nnplDaln noonal and fra%iwtt 



7. ljaMy»fcA,<ral0g9^P toiUiifcj »rfh^gyfacdladhglDwiyioha^ 

Vtd onoer. 4nv Jl AmM. 14& 717-7Z6. 
2& $ir^tfK;W.JULe84E,BBi«ix|.E^KBh«r/Lft.MdAbcid3^SLM.09^ 

atpransa m nanNoroff iaefl cartirmMfir ihe tung. CanDO- A«fcs>siBs£s ftar. 7i^^9, 

ifie dliplM V faEb 5 Integiia. AcDktfen medtaite tor ttaiitaned ^ 
inwea,8& 1924-1932. 

lor hdimn 9M Ihe^. itoei Nca Acsil 5dL U i >l 99: 1 04as-'l 041 Q. 
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Insertional Mutagenesis of the Adeno-Associated Virus Type 2 
(AAV2) Capsid Gene and Generation of AAV2 Vectors 
Targeted to Alternative Cell-Surface Receptors 
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ABSTRACT 

Recombiziant adeno-associated vfrus (AAV) vectors are of interest in the context of ge^e therapy because of 
their ability to mediate efficient transfer and stable expression of therapeutic genes in a wide vaxiety of tis- 
sues. However, AAY-mediated g«ttc deHvery to spectflc ceU populations is often precluded by the widespread 
distribntion of heparan sulfete proteoglycan CHSPG), the prhnary ceOnlar rec^tor for the vmis. Conversely, 
an increasing number of cell types are being Identified Uiat do not express H5PG and are therefore poor Car- 
gets for AAV-mediated gene transfer. To address these issues, we have developed strategies to physically mod- 
ify AAV vectors and allow efficient, iaSPG-indepehden^ receptor-tai:getedi infection. We began by generat- 
ing a series of 38 viros capsid mutants coniauiing peptide insertions at 25 unique sites within tihc AAV capsid 
protein. The mutant viruses were characterized on the basis of their phenotypes and grouped into three dasses: 
class I mutants (4 of 35) did not assemble panides; class U mutants (14 of 3«) asembled nonmfectlons par^ . 
tides; and class HI mutants (20 of 3$) assembled fiUly uif ections partides. We ex^nmed the HSP(^binding 
characteristics of the dass n mutants and showed thiat a defect In receptor bindix^ was a common reason for 
th^ lade of infectivity. The display of foreign peptide epitopes on the surface of the mutant AAV partldes . 
was found to be hi^bly dependent on the indnsion of appropriate scafipldiag sequences. Optimal scaSbiding 
sequences and five preferred sites f6r dde Insertion of targetmg peptide epitope were idoitified. These sites 
are located withm eadi of the liiree AAV capsid proteins, and thus display inserted ^itopes 3, 6, or 60 times 
per vector partide. Modified AAV vectors displaying a IS-amino add pepdde, wiiich bmds to the human 
luteinizmg hormone r€cei>tor (LH-R), were generated and assessed for ttieir ability to target gene ddivery to 
receptor-bearing cell lines. Titers of tfiese mutant vectois were essentially the same as wfld-type vector. The 
LH-R-targeted vector was able to transduce oyariau cancer cells (OVCAR-3) in an BSPG-independent man- 
ner. Furthermore, transduction was shown to proceed via the JLH-R and therefox^ treatment of OVCAR^ 
cells with progesterone, to increase LH-R expression, accordingly increased I.H mutant-meiBated gene tiaas- 
fcr. This technology may have a significant unpad on the use of AAV vectors for human gene therapy. 



OVERVIEW SUIdMARY 

Previous attempts to retarget AAV vectors by genetic mod- 
ificatioQ of the capsid have met ^with limited success and 
have been pl^ed by low titers and poor taigeting efS- 
. dendes. Here we demoustrate that the AAV capsid can tol- 



erate the insertion of heterologous peptide ligands at sev- 
eral Sites. Importantly, the inserted epitopes are displayed . 
on the sorface of the AAV partlde and the mutant vectors 
can be produced to high titer. FnrOiermore^ we demon- 
strate for the first time, hepartn-independent targeted gene 
ddivety mediated by these vectors. 
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INTRODUCTION 

Ap^.cv..s..oa.^T^P vmrs < AAV) vhctcrs arc being us^d in 
J opwin- number of clinicuJ tfiaU for monogenic heredi- 
dirofUcn^lind have been proposed as useful agents for the 
Kfciiimeni ofacquireU ilii;ca.ses .'iuch as cancer. WcaWy, these veo 
lorx ^*uia Jclivcr and express their iransgene onJy in the de- 
sifvU tared cclN //« vh a. However, a nunibcr of barcieis exist 
thui limit itKir efficacy in diis regard, Hrst, widespread distri- 
buiiim of the vifU5 receptors makes it difficult to restiict mfec- 
tkm 10 punicular cells. Second^ some dicrapcutic targets express 
(Kily low levels of ieccptot^» meaQing that high vector doses are 
required, thereby reducing efficacy and favodog vector spread. • 
ThinL many theiiipcutic targets do oot exfxress vinis recepton. 
Rnally. neutralizing antibodies specific to the AAV capsid pro- 
tein can prevent readministrarion of vector in vivo. For exam- 
ple, ininitumoral adnainistration of recombinant AAV in a 
muiine model of gUotaa has been associated with vector dis- . 
seixunadon and transduction of normal tissue (Okada et aL, 
1996). Qinlcal data have also established the pceseoce of .re- 
coniMoaac virus in body fluids of patients mctamuscolaily In- 
jected with even low doses of AAV vectors (Kay et al^ 2CXK)), 
rurdicrmore, an increasing number of dieiapcuDc target^- are be- 
ing kleoiitied that do ctoc express sufficient levels of virus re* 
cqptws (Banlctt et cd^ 1998; Dnan et al^ 1998). Taken together, 
these daia emphasize the need to ad^ the vector tropasm to par- 
dcubr cells in order to enhance infection while reducing trans- 
duction of nontargei dsstMts. vector dissemination, and shedduig. 

Vims cell attachment, die initial step that dictates viral tro- 
jfnsm, proceeds through high-afiBuuty binding of die AAV2 cap- 
sid to cell suifecc heparan sulfaxc jroteoglycan (Summerford 
and Samulski. 1998; Bardett et al^ 1999b)l Accordingly, tar- 
getisg stmqgies have focused on the capsid-^mediated attach- 
ment step. For example, incubation of xecorobinaoc vims wuh 
.an antircapsid antibody chemically coojugatcd to a cell-specific 
ligasd (e.g., a second andbbdy) has been' shown to enhance the 
tiansdnction ' of cells displayit^g the '^>propriase icccpiors 
(Barieit et a£., 1999a). Additional strategies are also being in- 
vestigated, including the dSiect chcihicaj conjugation of target- 
ing Sgands to the cap^d surface (Banletx, 1999)» pq)ddic in- 
sertion (Girod et al^ 15)99; Wu ist oL^ 2000). and N-temunal 
extcQSion of the VP2 capstd protein (Yang et aL, 1998)^ Al* 
-though these approaches are not examples of true ictaigedng, 
^ncethe native tropism is mamtaineri, they have each expanded 
the tropisnfx of AAV vectors by giving lie virus the ability to 
deli'ver and express genes in novel cell types. For exaxnpjie, in- 
sertion of a serpin receptor peptide ligand at the N tenninds of 
the YP2 capsid protein increased transdQcdon of cells believed 
to eipress the seipin cec^p^on However, this mutant vector re- 
tained djc nadve heparao sulfate proteoglycan {HSPG)-binding 
capaWUty and infection could be inhibited by soluble heparin 
sulffiie. Therefore^ this vector probably used the serpia recep- 
tor only as an altemadve coreceptor and.piimaxy ceUular at- 
tachment was mediated by HSPG. 

The AAV capsid is composed of three stnicmral proteins 
designated VPl. VP2, and VP3. These are encoded in die same 
open reading frame (ORP) and are e;q»xcssed from the sajne vl. 
ral jAO promoter. The amino acid sequence of the major cap- 
fTDteio VP3 is contained within the two larger and less abun- 
danicapsid protchis VPl and VP2 (Janik et al^ 1984). Vp2 is 



synthesized from the same mRMA as VP3, ui^ing an upstream 
ACG start codon. Mutants with alterations within the VP3 re- 
gion make litde capsid protein (Hermonat et al,^ 1984) and pro- 
duce only small amounts of progeny single-stranded vind DNA 
(Trajcschin et al,, 1984). Therefore it seems Ukely diat in the ab- 
sence of capsid protein, or procai)$id assembly, nascendy syn- 
thesized viral DNA is rapidly degraded (Hermonat et al,^ 1984; 
Tratschin et al.^ 1984). Mutations within the VPl N'-tcrminal 
region suggest that VPl is important at some later stage of cap- 
sid processing (Hermonat et al., 1984; Tratschin et aL, 19S4), 
VPl is synthesized from an alternatively spliced p40 transcript. 
Mutants lacking VPl produce low yields of infectious viral par- 
tides but are viable for viral DNA synthesis, which suggests 
that these mutants are roakSng procapsid and packaging slagle- 
strandcd viral DNA but ^ d^ectivc in a later stage of capsid 
assembly than that reliant on VP3 expression. It is* not dear 
whcdxrr noninfecdous or unstable viial particles can be made 
in the absence of VP I. Two mutagenesis studies of AAV cap- 
sid provetDS have revealed that mutations within the capsid gene 
can dramatically affect panicle assembly and virus itifccdon 

' (Ralnnowjtz et ai^ 1999; Wa ei ol^ 2000)1 $ince die cxystal 
structure of AAV is not known, the functional domains of the 
AAV capsid have been largely predicted on the basis of infhr- 

' mation derived firom other related parvovinxses, includiiig ca-^ 
nine parvovirus (CPV), feline panleukopenla vinis (RPV), 
minute virus of iDice<MVi^ Alemian onnk disease parvovirus 
(ADV). and die hunum parvoviriis B19, wbc^ structures are, 
available (Tsao ^ai„ 1991; Agbandje ^ aL, 1994; Agbandje- 
McKenna et aL. 1998; McKenna et ai^ 1999). Sequence com- 
parison of AAV. with these vimses has revealed a few conserved 
functional domains (Chsq^man arid Rossmann, 1993; Quorioi 
et al^ 1997), but the true nature of these domains is not clear. 
Genetic engmeering of the AAV capsid has proven tricky; in- 
sertions as sxnall as four residues can picveiic the geoecatioa of 
infections vims (Rabinowltz' et aL, 1999) and even sisglo- 
residue substimdons caia drastically impair virus growth (Wu 
rffl/., 2000). • : 

■ In this study, we' used site-dSrected rtiatagencsis to n ^yt^tp? 
the c^sid ORF in a search for re^ons that coiild tolerate, in^- 
sertiorB for* the purpo^ of retargeting AAV vectm. Thirty* 
eight insertion mutants were made, in which 2 to 1 5 atninn arf d^ 
were insetted in the AAV capsid OKF. By analyzing these mu- 
* tants we obtained a prelimiitaiy functional map of the AAV 
cqwtd prolciiL Oiir results identified critical regions within the 
capsid that were potentiaDy responsible for receptor binding, 
DNA packaging, capsid formation, and infectivity. IniportanCly» 
we identified sites that wcr^ suitable for cjpitope insertions thar 
might be useful for targeted gene delivery. We tested this par- 
adigm by insetting a targeting peptide ligand mto d^ AAV cap- 
sid protein and have shown that we can redirect vector infec- 
tion to receptor-bearing cell lines "mdependent of die 
cndogeoons AAV tropism. 



MATERIALS AND METHODS 
Cell culture 

Low passage number (passage number 20-40) HEK 293 cells 
(Graham et al. 1977), HeLa cells, and HeLa C12 cells (Qatk 
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et aL 1996) were grown in Dulbecco's modified Eagle's 
medium (PMEM) supplemented with 10% fetal bovine scrum, 
pcniciUin (100 U/ml). and soeptomydn (100 U/ml), ai 37*C 
and 5% CO2. NIH:OVCAR-3 (human ovarian adeoocarcinoraa, 
HTB-1 61) cells were grown in RPlvfl 1640 medium widi 2 raAf 
L-glutamine adjusEed 10 contain sodium bicarbonate (\^ g/lher), . 
glucose (4^ gAiter), lOmA/HEPES, and 1.0 mM sodium pyru- 
vate and supplemented with bovine msulhi (0-01 mg/ml) and 
20% fetal bovine serum. 

Construction of AAV capsid mutant plasmids 

The piasmkl pACQl (Xiao et ai^ 1998) was used as ihe tem- 
plate for all mutant constructions. This plasroid contains the 
AAV genome, less the two viral invened temiinal fepeats 
(TTRs), and an ATG-to-ACG inuration of the Rcp7S/68 start 
codon, which has been shown to increase recombinant AAV 
(rAAV) Vector yield by attenuadng Rep78/68 synthesis (Li et 
aL, 1997), Sites for mucagenesis were chosen on die basis of a 
compuEer-generaicd model of AAV stnicmrcL The secondary 
structure of die AAV2 VP1 capsid proteio was firei modeled 
solely on the basis of hs primary amino add sequence, using 
three differem computer ajgorithras (Gamier et oL^ 1996; Chou 
and Fasman, 1978;. and Deleage and Rouk, 1987). This analy- 
sis yielded a predictability assessment , for each amino acid 
based on the HkeUbood of that residue being wiriiin a P haircl, 
a hdix, etc. This stroctnra] probabtlity macrix was then inter- 
acdvely fit to a common secondary stnitaure prcdicdon derived 
from a comparisoa of the five solved parvovirus stractures 
(CFV, FPV, MVM. B19. and ADV)'. The resulting AAV2 
inodcl provided the means for the {H^Uminary stnictural iden- 
tification of surface loop regions diait were envisioned as pos- 
sibly tolcraiing foreign peptide sequence insettions. Mutagen- 
esis was achieved by using the ExCiie polymeiase chain 
xeaction (PCRVbased ^^te^dtredcd iiiiiiage^ 
ite supplier rhannal (Straiageac. La Tolla, C A) except diat Hat- 
iuum /)i DNA polymerase (IJfe Technologic, RdckvWe. MD) 
was often substituted for the polymerase blend used in the kiL 
For each mutant, two YCR. primets were designed tfiat contained 
the sequence of the desired insertion plus a unique endonude- 
asc residcdon site (either Agcl.or AfeoMIV) flanked by 15 m 
20 homologous base pa«s on each sid^ of the insertion. The 
striction site was included to facxKiate the idcndfication of tnu- 
lani plasmids and for the potential later swapping of foreign cpi- . 
topes. In some instances additional nonhomologous flanking 
sequences wero included in the PGR primers. These s^nces 
eucodcd linlsci/scaffolding sequciiccs on either side of ihc de- 
sired insertion. The PCR products were digested with Dp^ en- 
donudcase to eliminate die parental plaamid template and were 
pr c^gated in DH-5a bacteria (Ufe Technolo^es). Miniprepa- * 
ration DNAs were extracted ficom ampidUin-nsistant colonies 
and were screened by ccsiiictioa «idonudeas digestion. 

Production of recombinant AAV panicles with 
modified capsids 

To produce rAAV with mucant capsid pi^ins; wc trans- • 
fecied 293 ceDs wi* three plasmids. The three plasmids used 
were as follows; ddier (1) pAB-il. which comoms the Esche- 
richia coll /3-galactosidase gene (X(2c2) driven by the cy- 
tomegalovirus (CMV) promoter and flanked by d>e AaV ter- 



minal repeats (TRs) (Goodman et oL,, \ 994j or pTR-UF5, which 
contains the enhanced green fluoxesceot protein (eGFP) gene 
also driven by die CMV promoter and flanked by die AAV ter- 
minal repeats; (2) the pXX6 plasmld, which contains the Ad 
helper genes (Xiao tt a/,. 1998); and (3) the modified pACG 
plasmid, which supplies the mutant capsid proteins. As a con- 
troU rAAV was also prepared widi unmodified pACG plasmid. 
The plasmids were mixed at a 1 : 1 : 1 molar ratio. Plasmid DNAs 
used for iransfcctiod were purified with a (^en (Valenda, 
CA) Maxi-prep kit accotding to the suppBcr manuaL 

Transfectbns were carried out as ft^ows.. 293 cdls were split 
' 4S hr before nansfection so ihai ihcy couldxeach 75% okifluaQCy 
ac the time of ttansfcction. Four lO-cm phies were nansfeacd at 
ST'Q using die caHum phosphate transfection system (Ufc Tech- 
nologies) accon&ig to the manofticaner spedfications, and incu- 
bated at ST'C Forty-eight hours after tiansfection, cells were har- 
vested by ccmiifugaiion at 500 x\j for 10 min, xesuspended in 
phospha»^ufferEd salme(PBS) and virus was rdeased by fteez- 
ing and thawing duee times. The exude lysaie was clarified by 
centriliieadon at 500 X g for 10 miiv aiKl ti«at£xl widk 
(Sigma, Sl Louis, MO) at 50U/mJ final concentration at 3rC 
for 30 mtn. Vims was further purified by iodtoinol seep gradient 
(Zoloculdnru 1999), and in some instances by heparin sidfamalQSn- J 
iiy chromatography (Zolooikhin, 1999). 

To determine whether mutants were iempetacme sensitive, 
sonie tran5fccdt>ns were repcatec) as duplicate in I0<m 
plates/dishes ai 30 and 32'CRecoiiibiBam AAV stocte were 
titcted immediately and dien aliqubted and stored at -20*C for 
further analysis. 

Vims Titers 

. Ptiysical dteis of d» mutant rAAV pieparadons'wete deter* 
mmed wirfi an' A20'. enzyme-linked immttnosoibent assay' 
(ELISA) kit (Ameritaa Research Bioproducts, Belmont, MA). * 
Crude, or purified, rAAV stocks vvete serially dilated and in- 
cubated widi the A20 kit plate. The rearfings that fell into the 
linear range were taken^ and the titers were read ofif the stan- 
dard according to die manufacturer inscrucdons- The A20 
monoclonal aniJbody detects bo«h fuD aad*eaK>v AAV pardr 
cles (Wismba iiL, 1995), 

Titm of DNAH:ontaimng rAAV partides were detciminied 
by DNA doi-Wot assay. Briefly, 5 /xl of the purified rAAV stock 
was dilmed J :40 in digcsdon buflfer (50 mA/Tris-HQ IpH 7o]. 
1 mA^'MgCl^. and 1 mAf CaCi^ containbg RNase A (10 pt^mi) 
and DNasc I (10 /ng^ml) and incubated at 37**C for 30 mUt Sar- 
cosine was then added to 0.5%, final eoncentratioo. EDTA and 
EGTA were added to final conceairations of 10 mM, and die 
sample was heated to 70^C fOTlOminaaddicncooledto3rCL 
PtoteinaseKwasaddcdtoafinalconccntradonof Img^mland 
the samples were incubated ar 37*C for 2 hr. Viral DNA was 
denatured by adding NaOH and EDTA io final concentrarions 
of 400 and 20 mAf, respectively. DNA samples were applied to 
Nylon membranes (Hybond-N-1-; Araeishara Phaimacia 
Biotech, Piscataway, NJ) and probed wift a digoxigenin-labeled 
DMA fragment Som the human CMV (hCMV) promoter found 
in the vcactor genomes. AAV vector genomes were visualized 
by enzyme immunoassay, using die chcmilumincscencc sub- 
stiaie CSPD (Roche. Nuiley..NJ) as suggested by die mami- 
factorcr. Dot tnren^des were quaoiitatcdfromdensiBometiically 
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^^unned films wiih NlH Image .^ofiware. Aliemativcly. lUcis of 
DNAH:oniainm!: rAAV panicles xvere dticrmined by real-ume 
KTR. using a PE-Applicd Bios;ystenv& (Fo-sier City, CA) Pn^m 
7770 sequence cleiecior as previously described (Clarii et aU 

Infcciiaus titers of rAAV containing wild-type or mutant cap- 
4d.s ivere deicmiined by gene transduction assay- Briefly. HeLa 
ri2 celU were iseeded in 24-wcU plates the day before infec- 
:ion 50 that ihcy would reach about 75% confluence Ihe next 
Jiay. Serial dilutions of wild-type and mutant rAAVlacZ prepa- 
r:uicns were added to the cells In the presence of Ad5 at a mul- 
iipliciiy of infection (MOJ) of 3. The cells and viruses were in- 
subatpd at 37*C for 48 hr, after which umc the medium was 
removed and the cells were washed twice with PBS and iben 
fixed in 2% formaldehyde and 0.2% glutaraJdehydc for 15 min 
ai20*C. Cells cxi^ressins vector-encoded ^'galactosidase were . 
detecied by histochemical staining as previously described 
(San» et al^ I9&6). Titers were detennincd by counting the 
number of positively stained cells with an invencd tissue cul- 
ture microscope. Cells exprnssing eGFP transgenes were de- 
tected by fluorescence-acdvated cell sorting (FACS) analysis. 
Infectious ^lers were also determined in the absence of adeno^ 
/itMS with no (Ufferences in the rdadve dceis of mutants. . 

Gel electrophoresis and immwwblotdng 

pddfied rAAV and mutaht rAAV samples' were analyzed by 
10% sodium dodecyl sulfaie-polyacrylamide gel electmphoxe- 
sis (SDS-PAGE). TTjc samples were mixed widi sample buffer 
and boiled for 5 min before loading. For immanobloiiing. the 
proteins were tmnsfened to Hybond-P membranes (Amefshara 
Phanaacia Biotec}]^ and the membranes were probed with &r 
ther polyclonal guinea pig anti-AAV2 senim (SeroiDC,.R&ieigh, 
NC), or with monoclonal antibody Bl (MAb HI) directed 
agaiast the AAV2 VP3 cs^sid protein (Wistuba et al:^ 1995)- 
The capsid bands were visualized with biotiuylated acii»mouse ' 
IgG secondary andbodies (Vector Laboraiooes, Btnlingamc^- 
CA) using enhanced chemilumincscence dececdon (ECL) as' 
suggested by the supplier (Amcisham Pbannada Bioooch).- 

Episope display 

.Surface display of the bovine papillomavirus (BPV) pq)tidc 
-epitope was assessed by immunbprccipiiatioa with and-BPV ' 
^tiftbdy. purified rAAV samples were diluted in 50 volumes ' 
of PBS-MK buffer (PBS containing 1 mAf M^Cli and 2J mAf 
KO) and incubated for 2 hr at 4*^0 in the presence of mono- 
clonal aotibckly to the BPV ephope (MAb BPV/donc AU5). 
Fifty microliters of protein G^ephai^ise beads (Amcrsham 
Phaflnacia Biotech) was.dien added and the sample was incu- 
batd for anodier 2 hr at 4"C. For neganve contcols, an mue- 
latedprimaiy andbody or no primary antibody was used. After 
Incitoion die samples wete cenudfhged for 1 min at 16,000 X 
g ai4*'C- The beads were washed three dmcs widi 1 nal of PBS- 
woe for 10 rain at room temperatute and resuspcnded in pro^ 
tcin loading buffer. The samples were then boiled and analyzed 
by Vestem blotting widi MAb Bl as described above. 

Ifeparin-bindtng assay 

The ability of nuitants to bind heparin sulfate was assessed 
by piecipitdtion widi heparin sulj^ afiimqr tesin (POROS). 



Brieflv. crude rAAV prcpaianons containing wild-type or mu- 
tant cipsids were first subjected to iodixanol grBdieni purifica- 
don. The 409& iodixanol layer was collected (approximately 0.7- 
ml total volume) and 10 ^1 of diis material was diluted in 250 
^ of PBS-MK confining 50 fi\ of heparin sulfate af^lty-iesin. 
The mixmre was incubated for 2 hr with gcndy mixmg at 4*C 
and d)en centrifugcd at 16.000 x g for 2 min at 4*C to collect 
the rtsin and bound virus. The resin was washed three dmes 
with I ml of PBS-MK for 10 mm at room lemperamre and re- 
suspcnded in loading huffier. The samples were dien boiled and 
analyzed by Western blotting with MAb B t as described above. 
Controls included precipitadon of vectors with wild^iype cap- 
sids and precipit^on of vectors with unconjugated lesin. 

Heparin-independent targeted, trcmsduciton of , 
OVCAR-3 cells 

. Targeted AAV-inediatcd tranisduction experimenis were per- 
fbtmed in triplicate. Uitdnbdng hormone reccg c or-jposidve (LH- 
R*^) OVCaR-3 cells or HeLa cells were grown ovem^ in ap<- ; 
propriate medram at a count of I X 10* oells^A^.in 24-weU 
plates. lia some instancesy LH-R cxptessiou was further stimu- 
lated by grow* of OVCAR-3 cejls in thic piesence of proges- 
terone (50 /xg/raJ;. Sigma) (Hamilton et aJL 1984; Abraharosson 
et qL 1997; TxetaL, 1997: Konisbi cr aL 1999). Mwant AAV 
: vectors, AAV-Al39LH-lacZ or AAV-A13»PV4bcZ. woe in-. 
cid>atod in medium CRFMI 1640 widiout FBS) in dic'pi^cckoe 
or absence of heparin sulfate (500 ftg^ml; Sigma) or LM C200 
/ig/mDfor I hrat4**CThccclls wens washed with PBS and in- 
cubated widi the vector ± heparin sulfate :t LH (100' physical 
particles [PP)/ceU) for 2 hr ai 4*CL The cells were then washed 
twice widi &esh medium and uicubaied at 37*'C for 24 hr. Tbe 
* cellis wefe dien infected wldi Ad5 at an MOl of 10 lU/cell aod 
ixicubaiedfOif anddier 24 hr at 37*C'Cdk express^ 
esnooded ladZ transgene* weie idend^cd by histoctaxneal staior 
ing as described above. The cxpqdments wexe jqpeaied dttee 
times. • ■ 

. RESULTS / 

Generation of AAV capsid mutants . 

. Previous attempts to retarget AAV vectors by inseiting for- 
eign peptide ligands into d)e capsid have thct with litmied suc- 
cess (Gtcod et al^ 1999; Rabinowitz er al^ 1999; Wu a aL, 
2000). Random mutagenesis strategies have led to poor vector 
titers and have been inefiEcicnt in generating fnncdonal mutants . 
capable of suj^pocdng fbi^gii pepdde insertioa (^ioowitz et 
oL, 1999; WueraI.,2iOk)0).Shicc die crystal stnicture of AA 
is unavailable, an earlier site-spectBc mtnagencsis strategy 
(Girod ei al., 1999) relied on die comparison of AAV and Ca- 
nute parvovirus (CPV) capsid [ootcin amino acid sequetices,' 
and dien chose regions for pepdde inserdon that were diought 
to be on the AAV capsid suxface oa die basis of this alignment. 
Using that approach, six mutants were coostmcied. However^ 
only one of these mutants pioved c«^)able of packaging vector 
DNA and targeting infiectioa to receptor4>earing cell lines. Fur- 
thermore, inf ecdvity of the mutant was reduced by diree orders 
of magnicude compared widt vector with wild^ype capsid. It is 
clear that a mote detailed pte^cdon of AAV capsid stnictme 
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and construction and analysis of a much larger number of cap- 
sid mutants are needed to genmce vcaora able lo efficiently 
display foreign epitopes and redirect vector iniecdon to alter- 
nadve cell surface recepcors. 

We began by developing a structure] model of the AAV2 
catpsid by fitting a computer-generated prediction of the cap- 
sld secondary structure to a conserved tertiary model of par- 
vovirus capsidis derived from the defined stniciures of five dif- 
ferent viruses. On the basis of this prediction we then chose 
specific sites for epitope insertion, using three different critc* 
ria: (1) predicted accessibUicy to the atpsUi surface. (2) pre> 
dieted flexibility of the surnnindiog amino acids, and (3) 
scarcity of charged or hydrophobic amino acids. Twency-five 
sites were chosen; 4 sites were wirfiin the VP I unique region 
of the AAV2 capsid protein, 2 were within the VP1A^P2. 
unique region, and die remaning. 19 sites were located within 
the VP3 region of the capsid ORP (Table l). 'Rie mutaois were 
constructed in the noninfectious AAV pJasmid* pACG2, by 



PCR-based site-directed mutagenesis, AH of the mutations 
were crated so duit they also contained a resaricdon site at 
the location of insertion to facilitate confirmation of the mu- 
tant sequence and subsequent insertion or swapping of foreign 
epitopes. A total of 38 different mutants was generated- The 
length of the inserted sequences raided from 2 to 15 amino 
acids. The smaller insertions contained only the restricdon en- 
donuclease sices (Agel or f^goMTV)^ wheieas the lai^ inser^ 
dons encoded foreign peptide epitopes. Three different fDr- 
eign epitopes were used. The first was a 6-amino acid pepdde 
(TPFYLK) derived from bovine papiUomavinis (BPV); the 
second was a cyclic RGD-containing peptide specific to otv 
integrins (CDCRGDCFQ; and the last was a lO^amino add 
peptide (HCSTCYYHKS) denved from human lutdnizing 
hormone (LH) and icnown to bind the luteinizing hormone re- 
ceptor (LH-R). The foreign pepdde epitopes weie each 
flanked hy 5 amino ac^ds connecdng pepdde' linkers of ihjee 
different sequences (Table I). . 



Tabl£ I. Summary of All MtrtAHTS 



Mutanz' ptosmid designadoif' 


JLocadon 


pACG-A26 


VPl . 


pACG-A4^ 


VPl 


pACG-Al l5-4C-RCiE)/GLS. 


VPl 


pACG-A120 


vpi 


pACXr-A139 


VF2 


pACG-A139BpV/GLS 


VP2 


pACG-A139LH/GLS 


VP2 


pACG-A16lBPV/ALS . 


VP2 


pACG-Al61BPVyLLA 


VP2 


pACXi-A161BPV/CxLS* 


VP2 


pACG-AieiLH/GLS 


VP2 


pACG-A3l2 


. VP3 


pACa-N319 


. VP3 


pACG-A323-4C-R<iD/GLS 


VP3 


PACG-A339BPV ■ 


. VP3 • 


pACG-Ai75BPV 


VP3 


.pACG-A44l 


VP3 


PACG-A459 


VP3 


PACG-A459BPV/GLS 


VP3 


PACG-A459LH/GLS.. 


VP3 


PACG-A466: 


VP3 • 


"PACG-N472 


VP3 


pACG-A48a4C-RCH>/GLS 


VPS 


.PACG.N496 . . 


VP3 


pACG-A520LH/GLS 


VP3 . 


pACG-A520BPV/GLS 


■ VP3 


PACG-A540 


.VP3 . 


pAqG-N549 


VP3 


PACG-N584 


VP3 


PACG-A584BPV/ALS 


VP3 


pACG-A5S4BPV/LLA 


VP3 


. pACG-A5S4BPV/GLS 


VP3 


PACG-A587BPV/ALS 


VP3 


PACG-A587BPV/LLA 


VP3 


PACG-A587BPV/GLS 


VP3 


PACG-A395-4C-RGP/GLS 


VP3 


PACG-A597-4C.RGD/GLS 


VP3 


pACG-A657 


VPS 



Insertion (epitope) . 



TO {AgeV) 

TGCDCEQDCECGLS (4C-RGD) 
TG (A^€D 

TGIEEilKGLS (BPV) . 
TGSCSTCYYPK^GLS (LH) 
TGFIEEJaiKALS CBPV) 
TQUEttiffl-A (BPV) 
TGIEEYLKGLS (BPV) 
. TmcsTCYYWK5gnT_q rr m . 

TO ^Agel) 
AG {NgoMIV) 

TGCDCRGDCFCGLS (40RGD) 
TGWmK (BPV) 
T(3rrEEiaLK(BPV) 

roiAgei) 

TGiAgel) . 
T(a:ffiXLKGLS (BPV) 
TGHCSiaCS2JKSGLS (UO . 
TG (A^cD 
AG {NgomV) 

TG CDCrRGDCFg ca^ (4C-RC5D) 
AG {NgoMVO . 
TGHCSTCYYHKSGLS (LH) 
TCaEDO^GLS (BPV) . 
TG(A^<?I) 
. AG (/VgaMIV) 
AG (NgoWW) 
T(nEE3CLKAl-S (BPV) 
TGrpFrT.iq.T A(gPV) . 
TGIBEYU£QLS (BPV) 
TGIEQISALS (BPV) 
TQIEEXLKLLA (BPV) 
TCOEEn-KOLS (BPV) . 

tG£Q£S^£E£:OLS (4C-RGD) 
TO (Age!) 



*Insertioas were made into die wild type AAV2 capsid sequence, beginning imiuedtately after the indicated AAV residue. 
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ful Tor <3etermiDing the physical particle ticer of vector prcpa- 
ratioas irrespective of whether tbc capslds coatain DKA 
(Orimro et oL^ 1999). Eight of tbc 38 niutants that were tested 
were n^ative by this EUSA (Table %\ indicadng that th^ 
were unable to assemble capdds^ or that the ca^ds were un- 
stable, or thac the A20 epitope had beea disrupted in the mu- . 
lanes. 

DNA dot-bloc assays were also performed od all of the mu- 
tant vector prep aracioiis. The dot-blot assay measures the titer 
of AAV panicles that coatain DMase-resistant recombinant 
AAV genomes. Hfteen of the 38 m«anC8 tested n^aiive by the 
doc-blof assay, Ihtctesdngly, sacral mmams diat vera positive 
for the syndieds of AAV paxticles by A20 £LIS A were ncga^ 



• Table 2, PETCRMiHATiot^ oF TrreRS and CtAssiFiCA-noN of Mutant aaV Vectors 



Mutant vector designaHon^ 


Panicle tUer (PP/ml) 
Dot blot A20 EUSA 


- Ir^ecAous titer 
(lOAnl) 


Mutant 
type 


AAv^Aae 




7.5 X 10^ . 




n 


AAV-A46 


9-2 X 10' - 


8.0 X 10' 


• 1.2 X 10* 


m 


^Ay-A\ I5-4C-RGD/GLS 
■'AAV.A120 


5,6X10' 


7 J X 10' 


1.2 X 10^ 


m 


3,4X10'. 


S.OXIO'. 


' lJ) x 10^ ' 


m 


AAV-A139 


' . 2-0X10' 


9.0 X 10' 


5-0 x 10^^ 


m 


AAV-A139BPV/GLS 


. 1.4X10*. 


9.0 X 10' . 


. 6.8 X 10^ ' 


m 


AAV.A139LH/GLS ■ 


.1.2X10^ 


8,0 X 10' ; 


• 33 X 10^ 


in . 


AAV-A161BPV/ALS \ 


4.0 X 10' 


8.0X10' 


1J2X lO^' 


nz 


AAV-A16IBPV/LLA * 


1.4X10* 


7^X 10^ 


5.9 X 10^ 


m 


AAV-A161BPV/GLS 


• 1^ X 10' 


' 7.5 X 10^ 


8-7 X 10* 


m 


AA\-A161LH/GLS 


4.0X10^ 


8.0 X 10' 


3.4 X 10* 


. m 


AAV-A312 


.1.8X10^ 


— 


5-3 X lO^ 


m 


AA'V.N319 


2.4 X 10' . 


4L J X 10* . 


• 0-6 X lO* 


TIT 


AAV-A323-4C-RGD/GLS . 


(+) 






IT 

. . u 


AAV-A339BPVr 


(+) 






• . . n 


AAYrA375BPV * 








I . 


A A V 'A AA 1 ' 








I 


AA7-A459 . . 


• * . 7^ X 10^ 


8.0 X 10' ' 


6^X10* 


m 


AAV-A459BPV/GLS . 


.5.6X10' 


4.5X10^:. • . 


2-2X 10* . 


.in 


.AAV-A459LHK3LS 


3.2 X 10® 


4-5 X 10^ 




. n 


... 


.(+) 


7JX10' . 




n . 


AATf-N472 . . 








•I 


AAV-A48(MC-RGD/GLS 








I. • 


AAy-N496 


2,2 X 10* 




I.IXJO^ 


in ' 


•^AAV-A52W:H/GLS 


(+) 


7:5 X 10' 




n 


i>AY-A520BPV/GLS 


(+) . 


7.5x10' . 




n 


AAY-A540 ■ 


(+) 


8.0 X 10' 




n 


AAV-N549 


. (+) 


4^X10* 




n ■ 


AAV-N5S4 


lA X 10» 


8.0 X 10' 


:4lox.id* 


m 


AAV-A584BFV/ALS • 


^ 3_0 X 10' 


8.0X 10' . 




m 


AAV-A584BPV/LLA 


■ \3 X 10' 


9.0 X 10^ 




n 


AAV-A584BPV/GLS 


(+) ^ 


7 J X 105 




n 


AAV-A587BPV/ALS 


1.8 X 10' 


8.0 X 10^ 


. 5:0X10* . 


' m 


AAV-A587BPVyLLA 


7.2 X 10^ 


9.0X105 




n 


AAV-A587BPV/GLS 


, '3JX10' . 


9.0 X 10' 


2.7Xltf^ 


in. 


AAVrA595^-RGD/GLS 




2.5 X 10* 




U 


AAV-A597-4C-RGD/CH-S 




2JX 10* 




•n 


AAV-A657 


1.8 X 10' 


7J X 10' 


5.2 X 10* 


m 


AAY (wild type) 


4.8 X 10' 


9.0 X 10? 


6,2 X 10^ 


N/A 



*An insertions contained a rtstriction site CA^cI or NgoWHY), designated A or N. BPV. LH, and 4C-RGD indicaic the inser- 
tioBOf these epitopes immediately after the indicated amino add of the wild-Qrpe AAV2 csqisid sequence. The insetted pepddes 
are as foHows: A. TG; N, AG; BPV, TPFYLK; LHL HCSTCYYHKS: 4C-RGD. CDCRGDCFC 

^T*aniclc utcr. (+)» below the sensidvity of the DNA dot-Wot assay, hut detected by PGR assay. 



Panicle and infectious liter assays reveal three classes 
of mutants 

To determine die effect of each mutation on panicle assem- 
bly and infectivity wis used either wUd-type pACG2 or a rou- 
lanc pACG2 plasmid to complement the growth of the recom- 
binma AAV construct, pAB-I I. which contains the lacZ gene 
under the control of a CMV promoter (Goodman et aU 1994). 
The icsuldng iccombinant AAV}syLZ vectors contained either 
wikl<ype or mucant cnpsid proteins. To dMsnnine the relative 
cffidcttcies of panlclei assembly among mutant and wild-type 
vectots, we used the A20 ELISA. The A20 antibody tccognizes 
only intact particles (Wistuba ef aL, 1995), and Is therefore use- 
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live by the DNA doi-blot assay, indicating ihai either the sen- 
sitivity of the dot-blot assay was not fsufHcicni to detect low 
numbers of packaged AAV genomes', that the mutant capsids 
were unstable and no longer protected die packaged genomes 
from DNase digcsdon as efficiently, or that scvctbI of the mu- 
tants produced empty vinil particles. To address the issue of as- 
say sensitivity, titers of DNA-containing rAAV particlej; were 
also decemuned by quontitadve real-time PGR. This assay has 
previously been shown to have a sensitivity of less dian 100 
venor genomes TClazk et ai,^ 1999) and we have dctennined 
that it is approximately 40-fbld tnoie sensidve that the nonra- - 
dioactive DNA dot-blot assay (data not shown). By combining 
.the A20 ELISA and real-time PGR assays we were able to de- 
termine that only four mutants were truly defective in particle 
formation (Table 2). These were classified' as class T mutants. 
To ensure that spurious second-site miatations had not been in- 



troduced into these packaging constructs, we Western blotted 
from the packaging cells as well as assayed Rep faction. Each 
of the class I mutants pnxiuced all three of the viral capsid pro-^ 
tcins and the packaging cell lysafies were posidve for AAV ge- 
nome replication (dau not shown). Therefore, these mutants 
simply did not assemble functional viral parades. Two mutants. 
A595-4C«RGD/GLS and A597-4C-ROD/GLS. produced empty 
pafticlesl and nine mutants (A26. A323-4C-RGD/GLS. 
A339BFV, A4«, A520LH/GLS. A520BPV/GLS, A540, N549, 
and A584BPV/GLS) bad low panicle titers that could be de- 
tected only by the real-time PCR assay. Ptesumably dus low 
dter was caused by a general destabilizadon of the viral pani- 
cle, resulting in an increased suscepubiliiy lo DNase digestioo. 
The remaining mutants! which were posidve for A20' parddes, 
were positive fot packaged vinil DKa by the dot-bloc assay. 
For infecnvity assays, special tnuiants were initially grown 
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FIG. 1, Heparin sulfate (HS>>bindiag charactensdcs of epitope Insertion mutants. lodixanol gxadicnt-punficd virus pardcles 
were bound to HS resin for 2 hr at A^C After extensive washing, the resin was resuspcnded in loading buffer and the fractions 
were separated on SDS-10% acrylamide gels and analyzed by Western blotting, using the anii-AAV Bl monoclonal andbody. 
The positions of vpi, VP2, and VP3 arc indicated. WHd-type, pnscipitation of vectors containing unmodified capsids: resin con- 
trol, precipitation of vector particles with unconjugated lesin. 
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anU tUercd at both 37 a/\d 32**C to dcicrminc whether any of 
the mutants w^r^ temperature sensitive. These experimencs 
were done at least twice, and there was no significant variation 
in titer value. No tcmperamre-sensitive mutants were identified 
(data not shown). On the basis of the infectious citcn the mu- 
tants were further grouped into two more classes (Table 2). 
Class U contained mutaots that produced vital panicles, but 
were noninfectious (e.g^ A459LH/GI^ and A466), whereas 
class HI contained mutants that were Fully infectious. The ma- 
jority of mutants generated fell into rhc class Ul designatloD. 

Som noninfectious (class U) mutants were ilefectlve 
for binding the viral receptor 

'We were able to show, as described above, diac a nizmber of 
class H mutants were defective in packaging DNA or in form- 
ing stable virus particles, Anodier potential cause for lack of 
infecuvity of these class II mutants might be that they were un- 
able ID bind the viral cell surfocc receptor, the first step of the 
infectious entry pathway (Banlett et al^ 1999b). Heparan sul- 
fite proteoglycan has been identified as the primary cell sur- 
face recqptor for AAV (Sumtnerfbrd and Samulski, 1998). 
Thefdiore, we developed a small-scale heparin-binding ass^y 

lest whether these mutants could bind heparin, the native 
AAV receptor (sec Materials and Methods). Aliquots of iodix-^ 
anol-piirified wild-^pe or mutant AAV vectors were precipi- 
tatedwifli heparin sulfate (HS) affinity resin and die bound ma- 
terial was visualized by Western blotting widi the Bl antibody 
that lecognizes each of die AAV capsid proteins (Fig. I and 
Table 3). As expected, most of the mutant AAV vectors- were 
precipitated easily by the hqparin resin, and capsid protein could 
be delected on the Wesiem blot ORg. I and Table 3), However, 
seveial of die class H. mutants bound poorly to heparin (Tig. 1) 
and some did not bind to the HS resin at all. This suggested 
that I potential defect in diese mutatiis was their inability to'* 
bind K> heparan sulfate proteoglycan. The other class n rontanris 
weredeariy defective ax a subsequent point in die cell cntiy 
pathway. 

Disphy of foreign peptide epitopes oh tiie surface of 
muzmt AAV particles 

Todctenhme whether the BFV Insertion ihutants contained 
t^e SPV sequence exposed on die surface of die capsid, wc 
^ed batch iminunoprecj|piration with BPV monoclonal anti- 
body and protein G-conjugatcd beads. In each case virus was' 
purifed by iodixanol density gradient centri£ugaxion to remove 
any s>luble capsid piOiein that might be present in crude vital 
preparations. In most cases, when the vial|le BPV insertion mu- 
tants were treated widi BPV monoclonal antibody and protein 
G-cogugated beads, substantial amounts of vector were pre- 
cipicsed (Table 4 and Fig. 2). Control wild-iypc virus particles 
wereaoi precipitated widi anti-BPV antibody. TMs demon* 
stiate! that in most cases the BPV epitope was efficiently dis- 
play^ on die surface of die virus particle and aoe^ble to ihe 
aniihdy. These results also demonsoiate the effectiveness of 
our sk-specific mutageoests technique ai>d modeling of AAV2 
smuaure in that all sites predicted to be on the surface of the 
viiaX particles and chosen for BPV epitope insertion were ca- 
pabl«of displaying the inserted epitope in such a manner that 
it codd be bound by antibody and precipitated from solution 



with the protein G beads- Interestingly, the iwo BPV insertion 
mutants that did not efficiently display the BpV epitope were 
also noninfectious and In one case, A584BPV/CLS. did not Und 
heparin sulfote. 

Ir^uence of linker/sct^Qlding sequence on titer and 
receptor binding 

It was' predicted that the insetted peptide epitopes might 
destabiliK the local AAV capsid structure near the site of in- 
sertion. To address this issuer three diffeient linker sequences 
were designed and used in tlw context of tte BPV epitope m- 
sertions. Those sequences consisted of smalU flexible ainino 
adds that were designed to lessen die confMmational stress iiii« 
posed on die vector virion by die insertion. It was immcdiaiely 
clear that mutants with insertions at identical sices, bur widi dif* 
fcrent linker sequences, had (fiffetent properties (Tabic S). In 
all cases« die BPV insertion mutants widi die ALS linker se- 
quence were infectious. However,, diis linker was not the best 
for every site. In one case (mutants N584BFV/ALS and 
N584BPy/CLSX a single amioo add change within die GnJcer 
sequetice (A — »■ G) decreased die titer from wild-type levels to 
essentially nothing. At the odicr sites (foUowing AAV2 capsid 
protein amino acid I6l or amino add 587) cfaaAging linker se> 

Table 3. Heparin-BIio'ing Properties of StLECTESi Class 
H AND Class III MurXms ' 



Mutant vector designation 


HSPG bindings 


AAV-A26 




AAV-A46 


' ++ ^ 


AAV-Al l^UC-RCIVGLS 


++ 


AAV-A139 


. — ++ . 


AAV-A139BPV/GLS 


++ . . 


AAV*AI39LH/OLS .. 




AAV-^A161BPV/ALS 


• 


AAV.AI611H/GLS 




AAV-A312 . 




AAV-A323-4C1^GD/GLS 




AAV-A459 


++ 


AAV.A459I.H/GLS • 




AAV-A466 . 




AAV-A520LH/GLS 




AAV-A520BPV/(3LS . ' • . 




AAV-A540 


: - . ■ ++ 


AAV.N549 




AAV-A5S4BPV/ALS 


++ 
.++ 


AAV^A584BPV/LLA " - • 


AAV-A584BPV/GI-S " 




AAV-A557BPV/ALS 


++ 


AAV^A587BFV/LLA . 


• ■• . . + 


AAV-A587BPV/GLS 




AAV-A595^C.RGD/Ca-S 


■■•++. 


AAV-A597^4^GD/GLS 




AAV(wfld type) 





Greater than 90% of die mutant virus panicles bound 
to the heparin sulfate affinicy cesm and the precipitated capsid 
proteins were readily delected by Western blotting +. less than 
^0% of the mutant vhns particles bound to the b^>arin sulfate 
affinity resin, but precipitated capsid proteins could still be de- 
teoed by Western blotting; — , no protdn signal detected by 
Western bk>ttin$. . . 
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Table 4. Display of Foreign Epitopes on the Surface of 
Mi/TANT AAV- Particles" 



Mutant vector designation 



Epitppe display 



A AV-A 1 39BP V/GLS 




AAV*Al6lBpV/Al-S 


++ 


AAV-A161BPV/LI-A 


++ 


AAV- A 1 6 1 BP V/GLS 


++ 


AAV-A339BPV 




AAV-A459BPVA3LS 




AAV-A520BPV/GLS 




AAV-A5WBPV/ALS 


+*+ 


AAV-A584BPV/LLA 


+ 


AAV-A584BPV/GLS 




AAV.A587BPV/ALS 


++ 


AAV-A587BPV/LLA 




AAV-A587BPV/OLS . 





>90% of the mutant virus was immunoprecipcaiied 
with anti-BPV MAb and ihc precipitated capsid pcotdns were 
readily detected by Western blotting; less than 90^t of the 
mutant vims particles were immunoprccipitated, but precipi- 
tated capsid proteins could still be detected by Westera blot- 
ting; — ^. no proceln si^oa] was detected by Western blotting. 



quences also influenced jparticle and infecdom titers over sev- 
eral orders of xnagnicude. Appropriate linker sequences had sim- 
ilar effects on heparin binding and epitope display (Table 5). 

Vector-mediated gene tran^ef to human ovarian 
cancer cell lines via genetically modified AAV . 

To detennxDe wheiber we could change the iropism of AAV 
vcctois by inse;tdng a aovd receptor iigaod into the capsid, sev- 
eral of the inutaols we constructed contained either an IlH t^ 
ccptor Ugand or an intcgrin receptor li^pd (4C^RGb). The LH 
ligand was inscncd into the AAV capnd sequence at four dif- 
ferent positions (following amino acids 139^ l6l, 4^59, and 520) 
(Table I). The 4C'RGD ligand was inserted at 3Ejve diffbront 
positions (following amino acids 1 15, 323. 480, 595, and 597) 
Crablc 1). The AI39L»GLSi A161UVGLS. and AllS^-- 
RGD/GLS mutants were each infectioas. The LH mutant 
A'139LH/GLS produced recombinant AAV titers indistin-^ 
guishable ftorn those of wild-type vector on 293 cells (Table 
2) auad was used to assess Ui-R-^lirected infection of QVC AR- 



3 cells. A second mutant.' A 139BPV/GLS. containing the BPV 
peptide epitope, produced a deer on 293 cells identical to that 
of wLld-typc vector and was used as a control also in these ex- 
periments to assess the specificity of vector targeting. When 
equal amounts of A139BPV/CLS or A139Ui/GL5 mutant 
virus (as detennined by particle titer) were used to infect OV- 
CAR«3 cells, the tH mutant showed a slightly higher infectiv-^ 
hy than the BPV mutant (Fig. 3A). However* when the 0V-. 
CAR-3 cells were pretreated with progesterone to increase, 
expression of the targeted receptor (Hamihoa et al^ 19^4; Abra^ 
hamsson et al^ 1997; Ji et al^ 1997; Konishi et al^ 1999). U{ 
lautant-mediated transduction Increased snbsiantially whereas 
tiansducdon mediated by the ooatai^eced BPV mutant did not 
change (Fig. 3A). Because both mutants retained wild-^pe hep- 
arin-binding acdvity, we also infected OVCAR-3 and HcLa 
cells in the preseuce of heparin sulfate to determioe whether 
the mutants could infect cells indepeiuknt of this endogenous 
iDteractioQ. The BPV muiant vector was unable lo transduce ei*. - 
Ihcr cell line io the ptesehce of heparin sulfate (Fig. 3B). Trans- 
duction of HeLa cells, which do not express measurable LH4<. 
(data not shown), widi the LH motant vecmr was similariy lack^ 
ing (Fig, 3B), However, when OyCAR-3 cells were infected 
widi die LH mutant vector, significant ^eue transduction was 
maintained even in the presence of hcj^arin sidfiajtcandthis could 
be fuxther augmenoed by pretreacmg the cells with pro g esterone 
to ixicicase expression of die targeted receptor. To demoostrBte ' 
specificity for die targeted LH receptor we inl^xted OVCAR-, 
3 cells and HcLa cells in the {^esence of both heparin sulfate 
and luielniziAg bnrmoae. The combinadoti of these soluble 
competitors was able to completely inhibit gene transduction to 
OVCAR-3 cells. Taken togedier, these data suggest d)at die LH- 
tagged vectors can independently use cither hcpaian sulfate pro- 
teoglycan or the LH receptor as a primary cdlular anadnneQE 
. receptor and demonstraee ejESaeoJt xdatgeiiiig of AAV veccon 
b an altenadve ceD-suifaee rcoqptor.. : 



DISCUSSION 

This study demonstrates that the ^teKStracred insertion of 
heterologous Ugands into the AAVZ c^>$id permits recaiigetiiig 
of AAVZ-based vectors to aliemacive ceDrSurBkc receptors and 
targeted gene delivery Co .ieceptor-bearing cell lines. Ixnpor- 
tandy* the results show that it is possible to.alter (he tiopism of 
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FIG. 2. Immunoprecipitaiion and Western blot analysis of BPV iepltope insertion mutants. lodixanol gracfient-purified virus was 
precipitated with anti-BPV MAb« using protein (j-Sepharose. The bound vims was eluted wfdt SDS sample buffer and subjected 
to Western analysis wiDi antf^AAV Bl antibody. 



1706 



SHIET AL. 



Table 5. Dependence of Unker/ScaFFOldinc Sbqubuces on Mutakt TrreiU Ewopb PesPtAV. and Receptor Bindinc 



Mutant vtctor designation 


Linker 
seqit^nce 


ParticU 
titer 


Infectious 
titer 


HSPG 
' binding 


Epitope 
display 


Type 


AAV-AI6IBPV/ALS 
AA V-A 1 6 ) BPV/LLA 
AAV.AJ6IBPV/GLS 


TO-ALS 
TG-4-LA 
TG-CLS 


4.0 X 10' 
1.4 X 10* 
1.2 X 10' 


IJZX 10^ 
5.9 X 
8.7 X 10^ 


-^ + 
++ 
++ 


++ 
++ 


m 

III 

m. 


AAV-A584BPV/ALS 
AaV-A584BPV/LLj\ 
AAV.A584BPV/GLS . 


TG-ALS 
TG-LLA 
TG-GLS 


3.0 X 10' 
13X10' 
<I02 




++ 
++ 




in 
n 
n 


.AAV-A587BPV/ALS 
AAV^A5r7BPV/LLA 
AAV.A557BPVyGLS 


TOTALS 
- TCHLXA 
TC-CLS 


LS X 10' 
' 7,2 X 10=^ 
3^ X 10' 


5.0 X I0> 
. ^7 X 10^ 


++ 
+ 

* ++ 




in 
u 



AAY2 without disrupdno any of the essential functions of ihe 
AAV viral cops id proieirw, since the muiani vectors can be ef- 
ficiently produced and retain their ability to direct tramgene dc'- 
lively to the nucleus of tatgec cells. Furthermore, we demon- . 
stnte heparBn-tDdependent t&iieted muisdiiction of cells by- 
AAV2-bascd vectors. ; ' * 

Getieration of AAV vectors with mutant capsids 

We constnicced 38 mutants by Insertion of small peptide epi- 
topes at 25 unique sites within the AAV2 capsid. Some mu- 
mnc contained snkdL rwo-amino add iziscnioos, whereas oth- 
ers contained larger insertions that could be used to assess 
epitope display or could bind alternative cell surface receptors 
and possibly redirect vector trcspism to leceptor^-beanDg cells. 
The mutants were grouped into tftree classes based on their phe- 

" notypes (Tabic 2). " . .\ * 

Most of the mutants that were noninfectious were either un- * 
able to assemble -capsids or assembled capsids that wexe not 

.stable. These mutants (classes I and U) showed no ce^onaj 
speqiicity with regard to the location of the insenioiis wiihiti 
the predicted AAV2 structure (Rg. 4). In fact, die sites of pep-, 
ddeioserdon of several of these niutants were the same as n>any 
iftfectiotjs mutants (class HO, the only difference being Qx^ pri- 
maiy amino acjd sequence of tixe inserted motifs. This suggests 

^ thai a major detcrmlnaiit in maintaining infecdvity is the maiiv- 
icnance of capsid asseinbly or stability by inclusion of ai^ro- 
priate linVer/scaffoltting sequences. 

Four noninfectious mutanc failed to produce capsids, sug* 

' ge^g that capdd assembly was sexuinve to pcpdde.inserdoo. 
The fact fhat two of these mutants had ^aJl insertions, that is, 
two amino actds» higiil'ighis this point. The remaining nonin- 
fbcdous mutants produced viable capsids: however, these mu- - 
tans were unifotmly defective in their ability to paclcage vec- 



tor genomes dial were resistant to DNase digestion. The two 
most UKely explanations for this observadon arc thai these muT 
tants are defective in DNA paclcagxng or produced unstable pat^ 
deles. It seems leasonaible that insertion of additional residues 
• may result in die assembly of a defective pardcle dial fails to 
. pfotea its genome as effecdvely from nuclease digestion. The 
finding that different insertions into the same she can have dif- 
ferent phenotypes is supportive of dus l^ypothcsis. For instance, 
mutant A584BPV/GLS is a class II inutant diat packages few 
DNasc-resistarii genomes. However, mutant A5S4BPV/ALS. 
which is essendally d»e same as A585BPV/GLS exc^ for a 
G— > A substitution in the linker sequence, is fiiOy infectious 
and • packages wild-type levels of DNase-resistanc vector 
genomes. Here, it appears diat the. different link» sequence 
causes a localized destalnlizarion of the capsid structure, which 
is not as effective at protecting the genome fsom imclease di- 
gesdon. On the odicr hand, rwo'noninfccdous mutants (A595-. 
4C-RGD/GLS wl ASSrr^ RGmSLSi pioduccd viable ca|>- 
sids diat wene empty. These qnnaots are apparendy defective in 
packaging viral DKA and m located In pntadve loop IV (Hg, 
4). It is not clear what the mechanism oif viral DNA packa^aig 
is. Ruffing et al. (1992) demonstrated that empty capsids could 
assemble in die absence of viral DNA, Some SttKfies hayc sug- 
gested that packaging is an active process that leqmics inteiac- 
tion of AAV Rep proteins with capsid jHotetns or is coupled 
with DNA leplicadon ^ou and Muzyczka, 1998). A DNA- 
packaglog rautairt was also reported hyV/u etoL (2000), and • 
it falls within the same putative loop region of the AAV2 cap- 
sid at residQe 432. Rmher studies with these mutants may be 
helpful in understanding tiie mechanism of packaging. 

Since die pAB-l I tocZ AAV genome is slightly larger than 
wDd-type size (106%) wc woe concerned that it mi^ be pack- 
aged less efficiendy by some mutant capsids. However, we have 
not noted any differences in packagmg efficiency in comparing 
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LH mutant vectors can use an HS-independrat pathway for infection of OVCAR-S cells a^ aie spedficaUy laractcd 
to 6e LH ^^epior. (A) OVCAR-3 cells treated without {left) or with, (righf) progesretooe (50 fig/ial) were sabsequeody exposed 
for2 hr at 4 C to eirfier LH-mutant (AAV^AI39l-H-I-acZ) or BPV-mutant (AAV.A139BPV-LacZ) veciocs at an MOl cTlOO 
ppVtelL Unbound vims was then removed, It^csh medium was added, and die cells were stained with X-Gal after 48 hr (B and 
C) Same as for (A), except dial HeLa and OVCAR-S cells were used and the mutant viruses were bound to die cells for 2 hr at 
4 C eiihef in the presence (solid columns), or absence (open columns), of heparin sulfate (500 Mg/ml). In (Q vector binding was 
also blocked widi luteinizing hormone (LR 200 pt^ml). Data lepfesent die means and standard deviarions of tnnlicate e?oeri- 
mests. ♦**p < 0,005. • 
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the pAB-l I tacZ genome wkh the pTR-UF5 eGFP genome, 
which is only 72% of wild-type size. 

The majori^ of the noninfectious mutancs are inefncicnt at 
packagios DNase-resiscant genomes* However, since most of 
than oie still capable of assembling some corhplete parcides, 
they must be secoodarily defective in an aspect of the viral en- 
try pathway. Approximaccly half of these (class II) mutants arc 
unable to bind to heparin sulfate (HS) (Table 3 and Fig. I). 
Heparin sulfate has been shown to be the primary cell surfiace 
rector for AAV2 (Sunimerford and Samalski, 199S}. How- 
ever, since all of the muiaots shown to be defective in HS bind- . 
ing were also poor at protecting vitrd genomes from DNase di- 
gestion, it seems possible that the defect in HS binding was due 
to a general destabilizatxon of the particle, altering eidier die 
display or structure of the HS-binding epitope, iniher than a 
speciflc mucattott within this epitope. These findings are sig- 
nificant In light of reports that suggest the existence of two 
blocks of residues on the surface of AAV capsids involved in • 
HS binding (Wu et aU 2000). Several of the HS-binding mu- 
tants identified here fall within these two clusters (e.g., mutants 
A520LH/GLS and A584BPV/GLS). Interestingly, HS binding 
can foe rescued In these mutants by changing the linker se-- ' 
^lucnoES used lo display the foccign ligondsL For example the 
'US-blnding negative mutant A584BPV/GLS can be rescued by 
changing the linker sequence from OLS to ALS (Table 5). This 
single-residue change is also associated with a three orders of 
magmnadc increase in PNA particle titer. Therefore, although 
dus locadon within Ae AAV capsid protein can obviously im- 
pact liq>arin blAdingp choc is no evidence diac this region is di- 
rectly involved in receptor binding. As such, die icponed hep- 
aiin-binding mo^ must be' viewed with ske^dsm and It is 
more likely that mutations within these regions have strained 
the local tiiree-dimensioaal structure of the capsid resulting in 
a secondary loss of heparin binding rather tlian a primary dis- . 
xvpdoa of the HS-bincting epitope. Interestii\g)ly, one HS-bind^ 
ing Qttitant we identified retained infectivity (A312; Tables 2 
and 3^d Fig. 1). Aithou^ die infectious tiler of diis mutant 
is reduced by several orders of raaignitadc. finthcr studies widi 
this Qutant may be helpM in tmderstanding secondary mech- 
anisnts of infection.' 

Display of foreign ligands on die 

'^^ff ace of AAV vectors 
. . '. ' ' • ' • ' ■ • ' 

.As diown by immunoprecipitation with an.andbody against 
the B?V epitope, nearly all of die BPV insertion mutants re-, 
acted with this antibody (Table 3 and Ftg. 2), suggesting that . 
the BPV epitope was present on the surface of the capnd. I^f- 
fcreoces in capsid protein band intcnsi^ (Fig. 2) are a com- 
bined result of <^fFerent efficiencies of virus assembly and vacy- . 
ing iccessibility of the BPV sequence for tixe antl-BPV 
antibody, which seems to be depexident on dite site of insertion 
and 4c linker sequences used to display the epitope CTable 3 
and Fig- 2). In all cases where stable, high-tiicr panicles 
were produced, the ^itope was efficiently displayed on die cap- 
sid mrface (A139BPV/GLS. A161BPV/GLS, A161BPV/ALS, 
A161BPV/ULA, A459BPV/GLS, A5WBPV/ALS, 
A58WPV/LLA. A587BPV/ALS, and A587BPV/GL$). Mu^ 
tantsthat were unable to assemble particles ejOficiendy, or pro- 
duced less stable panicles, did not efficiendy display tbe BPV 



epitope (A339BPV and A520BPV/GLS). Furthermore, those 
mutants with inappropnate linker sequences flanking the BPV 
epitope were also not efficiendy precipitated with the anti-BPV 
ahtilxHly (Table 4 and Fig. 2). It seems liloely that (his differ- 
ence Is due to a reduced accessibility of the BPV sequence for 
the anti-BPV antibody since panicle titers of these mutants, al-^ 
though lower than wild type, were stilJ well above the level of 
detection by Western blot if .the inimunoprecipiCation step was 
omioed (data not shown). 

In one cose die type of inserted ligand had a dramatic eftect 
on infecuous titer. Mutants A4S9BPV/GLS and A4^9LH/<H^ 
•contain different Ugands inserted at the same sice widun the 
AAV VP3 region. The linker sequences used to c&play these 
epitopes were also the same. However, die BPV mutant was 
fully infectious, whereas the LH mutant was completely non- 
infectious (Table 2). Whether this difference is due to the length 
of the insertion .(1 1 vs. 15 icsidues), or the primary amino acid 
sequence of the insertion, remains to be detennined. 

Identificaijon of optimal sites for ' ' 
heterologous ligand inserHon . 

Of importance was not only the identificadon of key posi- 
tions on the surface of viial particle, but the &ct that our mu- 
tagenesis strate^ simolcmeausly ^bwed that each of dv=se 
. sites was capable of accepting foreign ligand insettions for rfr" 
targeting of the particle to alternative leceptors. These positions 
are in the N^terminal region of VP2 (following anuno acid 139 
' or 161)^ and the lot^ TV region of VP3 <foIlowi^ amino acid 
459, 584, or 587). All of these locations were capake of toler- 
ating peptide Insettions of up to 15 amino acids and in most 
cases allowed the production of recombinant vxrus at titcis diat 
were essential^ die same as wUd type. In addition, wc have 
shown that there is often a requirement for ti>e inchmoo of ap- 
proptiase li^doer sequences .in die dest^ of the.inserted ligands 
and have identified optimal linkers for this puiposeL 

Generation of AAV vectors with altered tropism 

On the basis of our findings on accessibiliiy of the capsid • 
protun-localized BPV peptides, we hypodiesizcd tiiai posi- 
• tiotungLH peptide epitopes at (he same sites should make these - 
ligands available for efitdent interaction wxdi LH receptors on 
die cell stnface. By u^tig an immunoprpcipitadon assay, we 
were able to show efEcient display of the LH motifs on mutant 
virus particles (data not shown). This finding provided the ra- 
tionale for the generation of a recombinant AAV vector, 
Ai39LH/GLS, containing an LH peptide insertion in the AAV 
VPl capsid protein ORF, and testing tills mutant for its ability 
to direa gene transfer to receptor-bearing cell lines. The data 
generated whh A139LH/(iLS on OVCAR'3 and HeLa cell lines 
^wcd diat tins virus demonsirates a profile of gene transfa 
significandy di0erent from dtose of virus widi unmodified 
sid or with nontargeting capsid modifications. This difference 
was especially dramatic wiien LH receptor expression was in- 
creased on &e target cells by preincubation wtdi progesterone. 
Qt 'when die endogenous H&-depeqdcnt cellular interaction was 
competed with soluble HS. These findings highlight the speci- 
ficity of the rctargefied vims for the LH receptor, but. more im- 
portantly, rhey demonstrate diat infection can proceed via an 
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Utenuiive receptor and show ihai infcctioA can occur in U>« ab- 
sence of ibc endogenous HSPG imeractlon. 

Succeuful udlization of the LH pepUdc Incorporated inio ihe 
\ AV capsid protein for (he purpose^ of vector reiaiseting sog- 
geyts ihat odicr jarjKiiiJc. Usaft(|^.inay woric J^?.?. .^H Jp. M 
iame contexL In this regaid, ihe rapidly emctsing technology 
>f phage display libraries has proved its udlity as a means-to 
dcntify pepddes chat are able to bind specifically to certain 
nolecoles on a cell surface in ytvo. This hlgh^roughput 
nethod b based on die capability of small pcpddc ligsmds to 
axget a bacienophagc parade to previously characterized as 
as UQchaiacterized stnicaires oa a cell niembraneL- Sac- 
resses in phage biopaaoing in an in vivo context (Aiap er oL 
1998; Johns er al^ 2000) strongly suggest chat this novel Kch- 
oology may prove a useful source of targeting peptides to be 
ised for modificadon of endogenous tropism of recombinant 
AAVvectois. 

Although we have demonstrated the utility of Small peptides 
ID be Incorporated into a nuniber of prefierred sites within the 
AAV capsid protein, the size restrictions of ditcse locales have 
not been fully defined. In diis legaid, the compatibility of the 
=apst4 structure y»nxh protein ligaiids of a larger aze, such as, • 
pt example, single-diain antibodies (scFv), would sigoificandy 
expand &c range of potential targeting applications. FUrtber- 
more, although we have demonstrated that including appiopri- 
ate re^dues on ^dier side of the displayed heteiologoos modf 
is a riable approach to promote particle stability and epitope 
display, our atiejmpts to sitnilarly minimize distortion of the lo- 
cal cspsid structure by iodusion of disulfide linkages were un- 
successfuL It is clear (hat a more detailed imdcrstanding of AAV 
capsid structure is needed to aid in the -deyelo^eflt of this cech- 
nolog)r. . ' 
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